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Elevated concerns of ecological safety and environmental pollution have 

facilitated massive research in the area of chemical and biological agent detection.  Large 

numbers of anthropogenic chemicals were introduced in the environment within last 50 

years, which posed a serious threat to the natural ecological balance. The series of 

unfortunate events in the past could have been avoided or minimized by the availability 

of adequately selective and sensitive detectors, capable of discriminating between 

common use pesticides and chemical warfare agents. Organophosphates (OPs) in 

particular are more of a concern because of their toxicity and inhibition of esterase 

enzymes which are involved in nerve transmission. They have been an integral part of 

agricultural industry for past decades owing to their specificity. In addition, to their wide 

usage, they have also been exploited for the development of chemical warfare agents. 

Consequently, there is an emergent need for rapid and sensitive detection methods. 
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Enzyme-based studies have been investigated in an effort to develop simple, 

rapid, user-friendly and sensitive detection of OPs. The methods described have been 

developed using OPH, an enzyme capable of hydrolyzing OPs. A rapid detection method 

using a fiber-optic waveguide and a portable fluorimeter Analyte 2000 was developed. 

Immobilization of OPH was accomplished using avidin-biotin chemistry. Change in 

fluorescence intensity was observed upon hydrolysis of substrate by OPH, concentration 

as low as 0.05µM paraoxon (PX) was qualitatively measured. A novel detection method 

for p-nitrophenol and p-nitrophenyl substituent OPs based on fluorescence quenching of 

coumarin1, a dye similar in structure to some OPs have also been developed. Decrease in 

fluorescence intensity of coumarin1 was proportional to paraoxon concentration in the 

range of 0.7–170 µM. 

To preserve OPH activity and stability, encapsulation using lysozyme-mediated 

silica nanoparticles was accomplished and detection limit for PX was found to be 20µM. 

To improve site accessibility and sensor sensitivity, orientation-specific immobilization 

of OPH was achieved using site-specific antibodies and different variants of OPH. 

Finally, the potential use of carbon nanotubes for the electrochemical biosensing of OPs 

has been exploited OPH was covalently immobilized on the surface of these nanotubes 

and a detection limit of 2.3 µM was obtained for PX. Results demonstrated that the 

immobilized enzyme retained a significant degree of enzymatic activity, and displayed 

remarkable stability with only 8% decrease in signal over a period of 10 days. 
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1 INTRODUCTION TO BIOSENSORS 

A biosensor is an analytical device that recognizes the presence of the species of 

interest and converts it into an electrical signal. Typically, a biosensor is comprised of 

three major elements, the target analyte, the biosensing element; which is capable of 

recognizing the target analyte and finally a transducer which is in close proximity with 

the biosensing element (Figure 1-1). These devices are capable of rapid and selective 

detection of any biological or chemical threat agents. Biosensors demonstrate the ability 

of generating analytical solutions for both laboratory and field testing. These systems find 

applications in environmental monitoring, food safety, agricultural product safety, 

biological and chemical warfare, clinical diagnostics, process control and biomedical 

research to mention a few. These systems must possess several criteria which include but 

are not limited to: 

1. Sensitive and Specific 

2. Potential for continuous monitoring 

3. Rapid in response 

4. Inexpensive 

5. User-friendly 

6. Stable and reproducible 

7. Easy to manufacture 
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8. Compact and portable 

 

Figure 1-1: Schematic of a biosensor setup 

The first biosensor, a glucose sensor was developed by Clark and Lyons in 1962 

[1]. Since then there has been enormous advancement in the area of biosensor 

technology. In this research study, I will be particularly focusing attention on enzyme-

based biosensors, wherein the biosensing element is an enzyme that reacts selectively 

with its substrate. 

 

1.2 CLASSIFICATION OF BIOSENSORS 

Biosensors can be classified based on either the biosensing element or the 

transducer (Figure 1-2). Biosensors based on the biorecognition element can be 

subdivided into three categories based on their mechanism of action. 
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Figure 1-2: Classification of biosensor systems 

1.2.1 Biocatalysis-based Biosensors 

These biosensors use enzymes as their biosensing element. There are two 

mechanisms of action for these systems; the first involves the catalytic conversion of the 

analyte by the enzyme. This catalysis action can be explained using the following 

equation: 

 

where S = substrate 

     E = Enzyme 

     ES = enzyme-substrate complex 

P = product 

k1 = rate of enzyme-substrate complex formation 

k-1 = rate of enzyme-substrate complex dissociation 

k2 = rate of dissociation of enzyme-substrate complex to products 
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The second mechanism involves detection using the inhibition of the enzymatic 

activity by the target analyte. The advantage of enzyme-based systems is that they are 

simple in design and easy to operate. 

 

1.2.2 Bioaffinity-based Biosensors 

These biosensors employ antibodies as their biosensing element. The mechanism 

of action is based on the interaction between an antibody and an antigen. Though these 

systems are more specific and sensitive than enzyme-based systems, they face limitations 

in that they are complex and require multi-step assay configurations. The other drawback 

is the ease of availability and the cost associated with monoclonal antibodies. 

 

1.2.3 Microbe-based Biosensors 

These biosensors utilize microorganisms as their biosensing element. Their 

mechanism is based either on the respiratory or the metabolic functions of the 

microorganism. These systems are relatively inexpensive and are more susceptible to 

harsh conditions of pH and temperature than enzyme-based systems.  

Biosensors based on the type of transducers can be categorized into four different kinds. 

 

1.2.4 Electrochemical Transducers 

1.2.4.1 Potentiometric 

These sensors are based on the measurement of potential between the reference 

electrode and working electrode at zero current. The concentration of the target analyte 

bears a logarithmic relation with the generated potential. The main advantage of these 
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transducers is their wider detection limits, however the requirement of a very stable 

reference electrode have limited their application. 

 

1.2.4.2 Amperometric  

These sensors are based detection of the current generated due to the oxidation or 

reduction of the analyte at the working electrode. The working electrode is maintained at 

a fixed potential with respect to the reference electrode. The concentration of analyte 

present in the sample is linearly proportional to the current produced. 

 

1.2.4.3 Conductometric  

These sensors are based on the measurement of the change in the electrical 

conductivity of the solution due to a change in the ionic strength. 

 

1.2.5 Optical Transducers 

Optical sensor systems have been the oldest and the most used transducers for 

biosensor development. These can employ several types of optical biosensors, which are 

described below. 

 

1.2.5.1 Absorption 

These sensors involve the measurement of intensity of absorbed or reflected light. 

Their principle is based on the Lambert-Beer law, where the absorbance is linearly 

proportional to the concentration of the analyte present. 
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1.2.5.2 Fluorescence 

These sensors involve the measurement of fluorescence response upon excitation. 

Some of these systems are based on the principle of total internal reflection (TIR). 

 

1.2.5.3 Luminescence 

These sensors involve the measurement of luminescence response upon UV 

excitation. Two different kinds of luminescence may occur: chemiluminescence, which is 

determined by a chemical reaction or bioluminescence, determined by living organisms. 

 

1.2.5.4 Surface Plasmon Resonance (SPR) 

It is based on the principle of total internal reflection (TIR). SPR occurs at a 

certain angle of incidence due to the creation of an evanescent wave at the surface. The 

intensity of light decreases exponentially away from the surface. This particular angle at 

which TIR occurs is known as the SPR angle and is dependent on the refractive index of 

the substance. The refractive index near the sensor surface changes when a 

macromolecule is bound. The change in the refractive index causes a change in the SPR 

angle which in turn can be correlated to amount of substance bound. The sensor system 

which will be used for this study is Spreeta
TM 

manufactured by Texas Instruments. It is a 

fully integrated device which consists of a light-emitting diode, a polarizer, a thermistor 

and linear photodiode detector array mounted on an integrated circuit. The flow cell is 

made of Teflon and rubber gaskets are used for sealing. The sensing surface is made of 

gold and various solutions of different concentrations can be introduced on the surface 

and a peristaltic pump can be used to control the flow rate. 
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SPR-based method of detection is simple, fast and sensitive. In addition, the 

system permits continuous monitoring of the formation of ligand-analyte complex and 

the dissociation of analyte from immobilized ligand. Other advantages of SPR-based 

sensing include: no modification to the analyte, allows both qualitative and quantitative 

analyses, can determine stoichiometry and mechanism of interaction and is highly 

reproducible. Though it offers a range of merits, SPR sensors have their own demerits 

such as; dependence of sensitivity on the optical thickness of the adsorbed layer, 

difficulty in measuring small molecules, measurement of one analyte at a time, 

generation of artifacts and mass transport effects. 

 

1.2.6 Piezo-electric Transducers 

These biosensors are based on the generation of electricity from a vibrating 

crystal. The oscillating frequency is linearly dependent on the change in mass of adsorbed 

material at the crystal surface. The crystals are referred to as quartz crystal microbalances 

(QCM). Some examples of these sensors is the surface acoustic wave (SAW), shear 

horizontal surface acoustic wave (SH-SAW), thickness shear mode (TSM) and flexure 

plate wave (FPW) sensors. 

 

1.2.7 Enthalpymetric Transducers 

These sensors are also referred to as thermal or calorimetric biosensors. Most of 

the biochemical reactions involve the generation or absorption of heat. These sensors are 

based on the measurement of heat which can be related to the amount of analyte present. 
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1.3 ENZYME 

An enzyme is a proteinaceous biological catalyst, capable of accelerating any 

chemical reaction by converting the target substrate/reactant into specific products 

(Figure 1-3). The “lock and key” model was introduced by Fisher [2] to understand the 

action of enzymes. Also, enzymes speed up the rate of chemical reactions because they 

lower the amount of energy required to activate the reactants (Figure 1-4). These protein 

molecules display high specificity and do not get utilized in the course of the enzymatic 

reaction. Therefore, when working with enzymes in solution, it is very difficult to recover 

the active enzyme from their reaction mixture. The effective way to proceed is to 

physically secure or immobilize these protein molecules to solid supports. 

 

Figure 1-3: Schematic of enzyme action 
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Figure 1-4: Gibbs free energy diagram for an enzymatic reaction 

1.4 IMMOBILIZATION OF ENZYMES 

For the successful operation of any biosensor it is very important that the sensing 

element and the transducer are in close contact with each other. Quantitation of the 

analyte is achieved by coupling the biorecognition element with the transducer. This 

purpose is served through proper choice of an immobilization technique. Immobilization 

of an enzyme is a very critical process involved in biosensor design. Some of the  

advantages of immobilization include: repeated use over time, easier recovery of enzyme, 

increased enzyme stability, easier separation of product and enzyme and many more. 

Enzymes undergo changes in both physical and chemical properties during 

immobilization; therefore, several factors need to be considered for each immobilization 

method such as the decrease in stability of the enzyme, loss of catalytic activity which 

can occur due to conformational changes within the enzyme and weak attachment of the 

enzyme to the solid support.  For successful development of biosensors based on 
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immobilized enzymes, several different approaches have been investigated. Some of the 

common techniques are discussed below: 

 

1.4.1 Physical adsorption 

This is the oldest and the simplest method for enzyme immobilization. The 

adsorption of the enzyme to the solid support can be either due to electrostatic attraction, 

hydrophobic interaction, van der Waal‟s forces or hydrogen bonding [3]. Under suitable 

conditions of pH and ionic strength, the enzyme is brought in contact with the support. 

After a brief period of incubation, the surface with the adsorbed enzyme is obtained 

(Figure 1-5). Unreacted and loosely bound enzyme is removed by extensive washing. 

Significant amount of binding is observed even though the enzyme is bound to the 

support through weak interactions. This method of immobilization does not lead to any 

deactivation of enzyme and is very simple and easy to use. However, since the enzyme is 

weakly bound to the surface, it can easily exude upon repeated use.  

 

 

 

Figure 1-5: Physical binding of enzyme to solid support 
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1.4.2 Cross linking  

 Immobilization of enzymes can also be achieved by cross-linking the enzyme, 

either to other enzyme molecules to form a three dimensional complex or to functional 

groups on an insoluble support matrix (Figure 1-6). Two most common cross linking 

techniques that have been frequently used in past and still in use are the avidin-biotin 

system and crosslinking using gluteraldehyde.  

 

Figure 1-6: Schematic of enzyme immobilization using a crosslinker 

1.4.2.1 Avidin-Biotin System 

Avidin is a basic glycoprotein found in chicken egg whites. It assumes a 

tetrameric structure with two-fold symmetry and has four identical subunits connected 

through disulfide bridges. Its molecular weight can range from 66-69 kDa and the 

isoelectric point (pI) is approximately 10. This protein is readily soluble in aqueous 

solutions and is highly stable over a wide pH and temperature ranges. The most 

characteristic feature of avidin is its ability to form a stable complex with biotin and its 

derivatives in each subunit. The association constant for the avidin-biotin complex is 

around 10
15 

M
-1

 at pH 5 (Figure 1-7). Biotin is a naturally occurring vitamin found in 
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every living cell. It is a small molecule with a molecular weight of 244.31 g/mol. Biotin 

is comprised of 49.16% carbon, 19.65% oxygen, 13.12% sulfur, 11.47% nitrogen and 

6.6% of hydrogen. The molecular formula for biotin is C10H16N2O3S and is known by the 

chemical name cis-hexahydro-2-oxo-1H-thieno[3,4] imidazole-4-pentanoic acid [4]. 

The exceptionally strong affinity between avidin and biotin is due to the 

hydrophobic interactions between biotin and the aromatic amino acid residues 

(tryptophan and phenylalanine) present in the binding pocket of avidin [5]. The avidin-

biotin interaction is the strongest non-covalent bond known between a protein and ligand. 

The bond formation between the two is very rapid and is susceptible to wide ranges of 

pH, temperature, organic solvents and denaturing agents. The complex is shown to be 

unaffected by treatments with 8M guanidine.HCl and by pH values in range of 2-13. 

Neutravidin and streptavidin are two homologous versions of avidin. Neutravidin is the 

deglycosylated form of avidin whereas streptavidin was isolated from the bacterium 

Streptomyces avidinii. Both have a molecular weight of ~60kDa, isoelectric point (pI) ~6 

and have similar binding affinity toward biotin. The key advantage of using streptavidin 

and neutravidin over avidin is their ability to significantly reduce non-specific 

interactions. 
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Figure 1-7: Schematic of specific binding between avidin and biotin 

1.4.2.2 Crosslinking using gluteraldehyde 

 The most commonly used cross linking agent for immobilizing enzymes is 

gluteraldehyde. The aldehyde groups present on gluteraldehyde reacts covalently with the 

amino groups on the enzyme to form a stable imine linkage. 

 

1.4.3 Covalent immobilization 

Covalent attachment to solid supports is the most common and extensively used 

immobilization method for enzyme-based systems. This attachment is achieved by first 

activating the surface of the support followed by coupling the enzyme to the activated 

surface. Any unbound or unreacted enzyme can be removed by washing. The benefit of 

this method of immobilization is that it provides firm and stable binding of enzyme to the 

support. Lysine residues are invariably present on most enzyme surfaces and are a 

common means of covalent attachment. These residues are exposed on the enzyme 

surface and are the most reactive. Activation of surface of support with carboxyl groups 

(COOH) can lead to the formation of covalent (peptide) bond between the amine group 

on the enzyme and the carboxyl group on the support (Figure 1-8). Other reactive groups 
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present on enzymes, which may be used for chemical binding are the hydroxyl (OH) and 

sulfhydryl (SH) groups.  

 

Figure 1-8: Covalent immobilization by amide bond formation 

1.4.4 Entrapment 

Entrapment is based on confining the enzymes within a polymer matrix, wherein 

the enzyme is not chemically bound to the gel matrix (Figure 1-9). The most common 

matrices used for entrapment include polyacrylamide, silicon rubber, polyvinyl alcohol, 

starch or silica gel [6]. In this immobilization method, the enzyme solution is mixed with 

a monomer and a cross linking reagent. To start polymerization, a catalyst is added and 

after a fixed amount of time, the liquid solution starts to form a solid mass. The solid 

matrix is washed extensively to remove any enzyme that has not been trapped within the 

gel. The polymer matrix is semi-permeable and allows free passage small molecules but 

restricts entry of large molecules. The enzyme is properly entrapped and does not diffuse 

out of the three dimensional structure of the matrix. This is a very simple method for 

immobilization of any enzyme but the major limitation with this method is that, since the 

gel pore size is small, large substrates cannot be enzymatically catalyzed. Also, leakage 

of smaller molecular weight enzymes has been another drawback with these systems [7]. 
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Figure 1-9: Schematic of enzyme entrapped in a porous polymer matrix 

1.4.5 Encapsulation 

This method of immobilization involves encapsulating the enzymes in a semi-

permeable membrane. This immobilization method is very similar to the enzyme 

entrapment except for the fact that the porosity of the membrane can be controlled [8].  

Membrane materials like nylon, epoxy resins, butyl rubber and cellulose nitrate have 

been reportedly used as support materials. Three different procedures like phase 

separation (coacervation), interfacial polymerization and liquid drying have been used for 

encapsulation of enzymes [9].  

 

1.5 BIORECOGNITION ELEMENT - ORGANOPHOSPHORUS HYDROLASE 

1.5.1 Enzymes for OP detection 

Several enzymes have been utilized for the development of OP detection 

biosensors. These include acetylcholinesterase (AChE), butyrylcholinesterase (BChE), 

urease, glucose oxidase (GOx), organophosphorus acid anhydrolase (OPAA) and 
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organophosphorus hydrolase (OPH). The cholinesterases, urease and GOx have been 

mostly used in inhibition-based systems [10-14]. Although very sensitive, these systems 

face limitations with respect to poor specificity, longer incubation times and interference 

from other substances including heavy metals and carbamates [15-17] . To overcome the 

drawbacks of the inhibition-based systems, focus has been shifted towards catalytic-

based systems based on OPAA (E.C. 3.1.8.2) [18] and OPH (E.C.3.1.8.1) [19]. OPAA is 

an enzyme capable of effectively detoxifying the P-F bond (G agents) of OPs which 

includes the two most harmful neurotoxins, sarin and soman [18, 20]. Though highly 

specific towards G agents, OPAA is not effective towards other class of 

organophosphates (P-O, P-S and P-CN). In contrast, OPH is a broad range enzyme 

capable of hydrolyzing P-O, P-F, P-CN, and P-S bonds of organophosphate neurotoxins. 

This makes OPH the most attractive alternative, as it is capable of hydrolyzing many 

more OP compounds than OPAA.  

 

1.5.1.1 AChE-based biosensors 

Various studies have been reported in the literature which discusses irreversible 

inhibition of AChE by OPs. The underlying concept of these biosensors is the 

quantitative measurement of enzyme activity before and after incubation with the OP 

compound. Almost all of the systems suggested by various researchers either differ in the 

technique used for enzyme immobilization or the transducer for response measurement. 

Marty and coworkers [21] used three different approaches for immobilization of AChE 

and compared their effect on biosensor characteristics and detection limits. The enzyme 

was also non-covalently incorporated into an amine-derivatized polymer, 
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polyethyleneimine (PEI) for detection of dichlorvos [22]. AChE-based sensors have been 

actively applied in areas of food and environmental monitoring. A cost-effective and high 

sample throughput kit has been designed for the analysis of pesticides in agricultural 

samples [23].  Disposable screen printed electrodes (SPE) were developed by Dario et al., 

[24] for the detection of carbaryl and methyl parathion in complex food matrices. AChE 

has also been used in combination with enzymes such as choline oxidase and BChE for 

development of OP sensors [25]. In a recent study, quantum dots immobilized with 

AChE has been described for improved and sensitive electrochemical detection of 

trichlorfon [26]. Commercial detection kits including the Agri-Screen® Ticket developed 

by Neogen Corporation [27] and Organophosphate/Carbamate (OP/C) Screen Kit by 

Abraxis [28] based on cholinesterase inhibition are also available. Rapid and sensitive 

detection systems have been developed utilizing AChE, however, these systems are 

single-use and therefore lack selectivity.  

 

1.5.1.2 OPAA-based biosensors 

OPAA is a single polypeptide enzyme with a molecular weight of 60kDa [29] and 

was first isolated from a halophilic bacterial isolate, JD6.5. OPAA demonstrates high 

catalytic activity towards DFP and has shown to be highly selective towards G-type 

agents. It has been incorporated into biosensing systems using different approaches. 

Simonian et al., [20] covalently attached OPAA onto a porous silica gate insulator of a 

pH-sensitve field effect transistor yielding a highly sensitive system, while, Letant [30] 

and his team immobilized OPAA onto luminescent porous silicon devices, showing 

retention of enzymatic activity up to six months. OPAA has also been incorporated into 
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Langmuir-Blodgett (LB) films for studying the molecular interaction between OPAA and 

DFP at the air-water interface using techniques such as circular dichroism and 

fluorescence infrared reflection absorption spectroscopy for sensor applications [31]. 

Fluorine selective electrodes have also shown to be effective for the detection of these 

substrates [32]. To prevent exposure from chemical warfare agents, a topical skin 

protectant containing OPAA was formulated by Braue and coworkers [33]. 

 

1.5.1.3 Immuno-based biosensors  

Biosensors based on immunosensing have been widely used as an alternative to 

chromatographic techniques. These sensors are based on the specific interaction between 

the organophosphate with its respective antibody and have shown to be simple, rapid and 

highly sensitive. Catalytic antibodies have been increasingly used because of their ability 

to destroy a pesticide catalytically than just physically binding to it. Vayron et al., [34, 

35] synthesized a hapten monoclonal antibody for the detoxification of VX and its less 

toxic analog phenylphosphonothioate (PhX). Biosensors based on heterogeneous 

competitive enzyme immunoassay has been developed using anti-carbaryl antibodies 

labeled with horseradish peroxidase which were assayed both in direct and indirect 

format with a detection limit of 26ng/L [36]. An immunosensor for soman detection 

based on the principle of indirect competitive Enzyme Linked Immuno-sorbent Assay 

(ELISA) with a detection limit of 1.6nM has been developed by Erhard and coworkers 

[37]. Though proven to be highly sensitive, these sensors face limitations such as 

irreversible binding, extensive sample handling and difficulty in availability and the cost 

associated with developing monoclonal antibodies towards specific analytes. 
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1.5.1.4 OPH-based biosensors 

OPH is a 72kDa homodimeric metalloenzyme capable of degrading a large 

variety of organophosphorus-containing compounds by hydrolyzing the phosphorus-ester 

bonds between the phosphorus center and an electrophilic leaving group (Figure 1-10). 

This makes OPH a suitable recognition element for the detection of these substrates. OPH 

operates near the limits of diffusion with some substrates and can be altered to enhance 

its specificity towards a variety of OP compounds [19, 38-41].  

OPH was first found in Pseudomonas diminuta, and then in Flavobacterium sp., 

both soil microbes [42].  The active site of the homodimeric enzyme contains two 

divalent metal ions that are vital for its catalytic activity. These metal ions are embedded 

within a cluster of histidine residues [43]. Each subunit is composed of eight strands of 

parallel β-pleated sheets in an α, β-barrel structure [44]. The native enzyme contains Zn
2+

 

ions but can be replaced with Mn
2+

, Co
2+

, Cd
2+

 or Ni
2+

 with altered activity [45]. 

Replacement of Zn
2+

 ions with Co
2+

 results in an enhanced enzymatic activity, for 

instance the kcat of the enzyme with Co
2+

 ions for paraoxon is 4700 sec
-1

 in comparison to 

2100sec
-1

 for the Zn
2+

 enzyme [46].   

The gene encoding OPH, opd, has been expressed in various systems including 

Escherichia coli [38], Drosophila melanogaster [47], Streptomyces lividans, insect cells 

[48], and many more. It also has been found in a variety of organisms such as squid, 

protozoa, mammals, yeast, fungi and soil bacteria [42, 47]. OPH is also known as 

phosphotriesterase, parathion hydrolase, paraoxonase, DFPase, somanase, sarinase, 

phosphorothiolase and parathion aryl esterase [38, 39]. Upon incubation with chelating 

agents such as EDTA, 1,10-phenanthroline, and 8-hydroxyquinone-5-sulfonic acid, OPH 
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loses its catalytic activity. However its activity can be regained upon incubation with a 

buffer containing Mn
2+

, Co
2+

, Cd
2+

 or Ni
2+

 [49]. It has been shown that OPH can retain 

partial activity (12%) even after interaction with o-phenanthroline when dialyzed against 

a buffer containing 1mM Zn
2+

 [23]. 

OPH has been studied extensively over the last 15 years [19, 38, 50] and several 

genetically engineered variants have been produced in an effort to improve its catalytic 

ability [41, 50]. The variants have been designed to have different catalytic activities for 

different substrates, and thus, offer potentially additional recognition elements that could 

lead to an array of biosensors with a capacity to identify and distinguish substrates based 

on differing selectivity or activity as a part of a decision matrix. Further combination with 

another enzyme, AChE in the next generation of sensors will allow discrimination 

between different classes of neurotoxins, organophosphates and carbamates.  

 

 

Figure 1-10: Front view of OPH enzyme 

To overcome the drawbacks associated with other enzyme systems and for direct 

detection of organophosphates, immobilized OPH has been widely used. This has been 
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achieved using a variety of techniques and each technique has helped achieve improved 

sensor characteristics and lower detection limits. A layer-by layer approach for the 

construction of highly sensitive biosensors has been described in the literature which 

involves sandwiching strong positively charged chitosan with weak positively charged 

OPH between layers of negatively charged  (CdSe)ZnS quantum dots [51, 52]. Langmuir-

Blodgett deposition technique has been utilized for covalently immobilization of OPH on 

a silanized quartz slide using diethylthiocarbamoyl chloride (DCC) and finally labeling 

with a fluorophore for rapid, reproducible and sensitive detection of OPs [53, 54]. To 

broaden the horizon of sensor applications, discriminative detection of neurotoxins has 

been attempted by analysis of multi-component samples containing both carbamates and 

OPs. This was accomplished by integrating AChE and OPH into the system by 

crosslinking to silanized silica gels and analyzing real-world samples for the presence of 

these analytes [55]. 

OPH-based neurotoxin detection methods were pioneered in 1996 in Texas A&M 

University [56] and were based on the measurement of pH upon OP hydrolysis [17, 57, 

58]. Another interesting approach was illustrated by Simonian and co-authors [59] which 

discusses enhancement or quenching of fluorescence based on the distance between the 

gold nanoparticle and fluorophore. Here, OPH was labeled with functionalized gold 

nanoparticles and then incubated with a fluorophore which also happens to be a 

competitive inhibitor of the enzyme. 

For wider applicability and increased substrate specificity, different genetic 

mutants of OPH have been designed. In one approach, modification of OPH has 

increased the kinetic efficiency of the enzyme by three orders of magnitude for 
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detoxification of soman [60], while in another structural change resulted in a 25-fold 

improved hydrolysis of methyl parathion [61]. To reduce costs associated with enzyme 

purification and prevent resistance due to mass transfer of analyte, researchers have 

shown interest in the use of whole cell-based sensors  [62, 63].  Chen et al. [64] 

developed a biosensor using Moraxella Sp. that expresses OPH on their cell surface. 

These cells were introduced on the carbon paste electrode and the sensor system retained 

enzyme activity for 45 days when placed at 4ºC. To preserve enzymatic activity and 

protect the enzyme from harsh environments, OPH has been encapsulated or 

incorporated: in a porous silica matrix using a sol-gel method [65], into a poly(carbamoyl 

sulfonate) (PCS) prepolymer matrix [66], in pH-sensitve hydrogels [67], and into nafion  

[68, 69]. 

Recent advances in the area of carbon nanotechnology have also found potential 

applications in the area of organophosphate biosensing. Enzyme-modified carbon 

nanotubes have been incorporated into biosensors for OP detection. OPH was physically 

adsorbed onto multi-walled carbon nanotubes (MWNT) and the conjugate was deposited 

onto a glassy carbon electrode using nafion. Detection limits as low as 0.15µM and 

0.8µM were observed for paraoxon and methyl parathion respectively [70]. Simultaneous 

sensing of methanol and OPs has been achieved using OPH/MWNT conjugate 

incorporated onto graphite-ink screen printed electrodes [71]. OPH has also been 

integrated into paints and coatings allowing for spontaneous and effective surface 

decontamination [72]. For efficient wider area decontamination, researchers have also 

incorporated OPH into fire fighting foams which is  known to reduce the volatilization of 

contaminants [73]. 
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Biosensors for the determination of OP pesticides have been a subject of several 

reviews. Biosensors based on electrochemical-based enzyme systems have been 

extensively discussed by Trojanowicz [74] and Anzai [75] while Singh [76] and D‟Souza 

[77] concentrated on the use of microbial organisms for the degradation of these 

compounds. Since OPH is the most utilized enzyme for direct detection of OPs, 

Mulchandani et al. [78], have discussed the application of this enzyme for optical, 

amperometric and potentiometric sensors, and Raushel in his reviews have described the 

properties and catalytic abilities of OPH [79] and OPAA [80] for the hydrolysis of OP 

compounds. Martinez [81] have focused his attention on the specific use of screen-

printed electrodes for monitoring applications while Dzyadevych et al. [82] reviewed 

biosensors based on ion-selective field-effect transistors. 

Detection of OP‟s can be an awkward, error-fraught process, as commonly used, 

gas chromatography equipment are not often available in the field. Furthermore, the 

present portable equipment is inaccurate and non-specific. As a result of these problems, 

many studies have investigated novel approaches to try and improve the specificity and 

the sensitivity of OP detection. It must be recognized that cost, portability and low levels 

of false positives will be necessary requirements for any new sensor that is to be 

developed.  

 

1.6 TARGET ANALYTE- ORGANOPHOSPHATES 

Organophosphates (OPs) contain a central phosphorus atom with a double bond to 

sulfur or oxygen, R1 and R2 groups that are either ethyl or methyl in structure, and a 

leaving group which is specific to the individual organophosphate (Figure 1-11). OPs can 
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be found as part of insecticides, herbicides, and nerve gases. Some less-toxic 

organophosphates have been used as solvents, plasticizers, and extreme pressure (EP) 

additives. Due to their toxic nature they have also been exploited for the development of 

chemical warfare agents including sarin, soman, and O-ethyl-S-

[2(diisopropylamino)ethyl] methylphosphonothiolate (VX) (Figure 1-12). 

 

 

Figure 1-11: General Structure of Organophosphates 
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Figure 1-12: Chemical structures of some nerve agents 

Commonly used OP pesticides include chlorpyrifos, malathion, guthion, 

parathion, coumaphos, diazinon, fensulfothion, methyl parathion and cyanophos [83] and 

their structures are shown in Figure 1-13. Because these compounds pose adverse health 

threats or injury to non-target organisms when they are used, accurate monitoring of these 

compounds in different environments is necessary. 
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Figure 1-13: Chemical structures of some common organophosphates 

1.6.1 Facts about OPs 

Each year OPs poison thousands of humans throughout the world, causing 

hundreds of deaths [84]. Organophosphates were first synthesized in the early 1800s but 

their mechanism of action was not understood until the 1930s [85]. OPs have achieved 

enormous commercial success as a key component in the arsenal of agricultural 
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pesticides and herbicides, and are currently an integral element of modern agriculture.. 

Accordingly, they are used to control numerous insect pests including moths, ants, 

cockroaches, termites, fruit flies and similar insects, fleas, locusts, caterpillars and ticks. 

OPs do not bioaccumulate due to their rapid break down in the environment, have a high 

catalytic rate and are susceptible to microbial hydrolysis. For this reason, they have been 

preferred over the more persistent chlorinated hydrocarbons for insecticide/pesticide use. 

Even though OPs are generally considered safer than the organochlorines and chlorinated 

hydrocarbons, they can be highly toxic to humans and other mammals and may be 

carcinogenic [86] . For example, parathion has an oral LD50 in rats of about 2–30 mg kg
−1

 

which is more toxic than dichloro-diphenyl-trichloroethane (DDT) (oral LD50 in 

rats = 87 mg kg
−1

) [87]. Also, malathion, one of the earliest and a wide-spectrum OP has 

an oral LD50 of 480 mg kg
−1 

in rats [88]. The wide usage of OP insecticides for 

agricultural purposes and their presence in water, food and environment presents a 

potential hazard to non-target organisms. The inherent toxicity of these compounds has 

posed a major threat for their use. Owing to the toxicity of these compounds, EPA has 

placed then in the first priority group to be reviewed under the Food Quality Protection 

Act (FQPA). Approximately 60 million pounds of OP pesticides are applied to 38 million 

acres of U.S. agricultural crops annually [89]. Nonagricultural use accounts for about 17 

million pounds per year, which includes usage such as malathion in the manufacture of 

flea powders, dichlorvos for polychlorovinyl resin pet collars and pest strips [90]. The 

amount of OP pesticide usage as a percentage of total insecticide usage has increased 

from 58% in 1980 to 70% in 2001. 
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In December 2000, EPA banned the use of diazinon and chlorpyrifos in United 

States because of health concerns for humans and wildlife. This decision of EPA was 

greatly influenced by the FQPA, a cumulative risk assessment which evaluates exposure 

based on the common mechanism of toxicity. However, both OPs were continually used 

until their stockpiles ran out and they are still known to be legally available for certain 

uses [91]. Azinphos methyl (trade name: Guthion), one of the most toxic OPs with an 

oral LD50 of 4.4 mg kg
-1

 was ordered to be cancelled for certain uses in 2000 by EPA. 

This decision was based on the health risks posed by azinphos methyl to farm workers, 

pesticide applicators and aquatic ecosystems. However, very recently EPA has 

announced its final decision for a complete phase out of azinphos methyl for all uses by 

2012 [92]. Data compiled by the National Water Quality Assessment Program 

(NAWQA) provides a very good summary of the occurrence and concentrations of all 

pesticides (including organophosphates) collected from streams, ground water sites, 

agricultural areas, urban areas and major aquifers [93]. Another study conducted by 

NAWQA, National Stream Quality Accounting Network (NASQAN) and U.S. 

Geological Survey (USGS) in U.S. from 1992 to 97 evaluated the occurrence and 

distribution of 11 OPs in surface and ground water samples. The analysis concluded that 

OPs (specifically diazinon, chlorpyrifos and malathion) were detected more often and at 

higher concentrations in surface water than in ground water. Diazinon was the most 

commonly detected OP in surface water with percent detections ranging from 22 to 100% 

of samples and chlorpyrifos and malathion from 0 to 91% and 0 to 43%, respectively. 

Chlorpyrifos was the most widely distributed OP in surface water with concentrations 

ranging from 0 to 0.3 μg L
−1

[94].  
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1.6.2 Toxicology of OPs 

OP triesters, phosphonates, phosphonofluoridates and phosphonothioates 

comprise a broad class of chemical neurotoxins targeting cholinesterases and various 

neurotoxic esterases. OPs work by inhibiting cholinesterases (ChE), enzymes of the 

nervous system important for nerve transmission. The enzymes are inhibited by binding 

to the OP compound which, upon hydrolysis, leaves a stable, phosphorylated and largely 

unreactive enzyme. This inhibition results in the accumulation of acetylcholine [95] at the 

neuron/neuron and neuron/muscle (neuromuscular) junctions or synapses, causing 

headache, rapid twitching of voluntary muscles and abdominal cramps [96, 97]. The 

severity of the symptoms depends on the degree of acetylcholinesterase inhibition, and 

the more severe effects include muscle paralysis which can lead to severe difficulty in 

breathing, and eventually death by respiratory failure. In addition to AChE, OPs inhibit a 

number of other enzymes, including plasma pseudocholinesterase, neuropathy target 

esterase (NTE), A-esterases (tissue esterases capable of hydrolyzing OP esters) and 

carboxy-esterases, as well as other esterases and proteases [98-100]. 

In addition to the symptoms from acute exposure, long-term exposure to low 

doses may lead to the development of cancer, genetic diseases, and other dangerous 

effects [95, 101-103]. Some OP neurotoxins are associated with an organophosphate-

induced delayed neurotoxicity (OPIDN) in humans and susceptible species [104, 105]. 

OPIDN is characterized by distal degeneration of sensory and motor axons that occurs 

after a delay of about 8–21 days following OP poisoning [106]. Recovery from this 

complex and poorly understood disease is usually rare and there is no specific treatment. 
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1.6.3 Hydrolysis of OPs by OPH 

In the catalytic process of OPs by OPH, two protons are released during each 

hydrolysis reaction, and direct neurotoxin detection is thus possible via measurement of 

the pH change associated with enzyme activity (Figure 1-14). The stoichiometric 

production of hydrogen ions offers an opportunity to detect the activity of the enzyme on 

a substrate by the change in pH. 

 

Figure 1-14: Catalytic reaction of OPH. “A” =R O, R S, F or CN leaving group 

OPH is capable of hydrolyzing a wide variety of OPs with P-O (phosphotriester), 

P-S (OP-thioate), P-F (phosphorofluoridates) and P-CN bond cleavage. The OP 

hydrolysis products are known to have reduced toxicity as compared to their reactants 

[46]. Hydrolysis of parathion by OPH leads to the formation of two water-soluble 

products, p-nitrophenol and diethylthiophosphoric acid which can be readily degraded by 

microbial enzymes [107]. This hydrolysis reduces the toxicity of parathion by 120-fold 

and the resultant metabolites can be further exploited by other microorganisms as a 

source of carbon, energy and phosphorus [108].  

OPH has been shown to hydrolyze OPs such as parathion, coumaphos, orthene, 

DFP, sarin, malathion, demeton-S, VX, acephate, soman, tabun, mipafox, diazinon, 

tetriso (analogue of VX), 4-nitrophenyl ethyl phenyl phosphinate (NPEPP). Paraoxon has 

shown to be the fastest and the best substrate of OPH with a kcat of 2100 sec
-1

 [44, 109] 

and demeton-S, a poor substrate with a kcat of 1.2 sec
-1 

[39]. 
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Lewis et al. [110] described three possible mechanisms for hydrolysis of 

organophosphates by OPH. In the actual hydrolysis reaction mechanism, during the 

interaction of an OP with the enzyme, a base at the active site activates a water molecule 

which attacks the phosphorus atom of the substrate yielding the degraded metabolites. 

Hydrolysis of organophosphates with P-O bond results in the formation of p-nitrophenol, 

which has an absorption maximum between 400-405 nm. Hydrolysis of 

organophosphates with P-S bond results in the formation of free thiol groups which can 

be characterized using Ellman‟s reagent, 5,5'-Dithio-(bis-2-nitrobenzoic acid) (DTNB). 

The free thiol groups upon reaction with DTNB form a chromogenic product 5‟-thiol-2-

nitrobenzoate anions. This product has an absorption maximum between 405-420 nm and 

an extinction coefficient of 13,600 M
-1

cm
-1 

at pH 7.2.  

Previously a suggested method for disposal of OP pesticides was chemical 

hydrolysis by sodium hydroxide. Other methods for the treatment of pesticide waste 

involved the use of whole cells. However these methods proved to be unproductive 

because the cells could be easily subjected to chemical shock, overloading, catabolite 

repression or metabolite inhibition [111]. Therefore, improved and reliable methods need 

to be developed for detoxification of these pesticides and their empty containers so as to 

minimize their adverse effect on the environment. Owing to their high toxicity and 

because of their constant use as pesticides in agriculture, there is an increasing need for 

an effective biosensor system capable of selective detection.  
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2. RESEARCH OBJECTIVES 

The primary objective of this research was to develop methods for the detection 

of OPs. Numerous analytical advances have been made in the area of biosensors for the 

detection of organophosphates. But the drawbacks associated with these techniques, 

demands an urgent need for an improved biosensor system. The proposed biosensor 

addresses those drawbacks and an improvement to the existing detection technologies. 

New detection strategies and biomaterials have been developed for improved future 

analytical applications. Several different detection platforms have been suggested in this 

research. The specific goal was to develop a system that is capable of:  

 Faster response time  

 Selective detection of organophosphates 

 High sensitivity of detection 

 Easy to use and inexpensive system 

This dissertation deals in particular, with the development of enzyme-based 

biosensors for the detection of neurotoxic compounds. OPH was used as the 

biorecognition element for all biosensor systems. Paraoxon has been used as a model 

substrate for all analysis. Application of these sensors for detection of other substrates has 

also been investigated. Development and evaluation of methodologies such as 

immobilization and encapsulation of proteins and the modification of surfaces has been 

attempted in the following work and is strongly related to advance biomaterials 
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development which directly influences the research and development for model systems, 

biosensors and smart devices. The major objectives of this research were: 

1. To develop simple, rapid and sensitive sensor platforms for the detection of 

neurotoxic OPs 

2. To optimize the factors associated with enzyme immobilization, which includes 

but are not limited to, the retention of enzymatic activity and stability upon 

immobilization 

 

2.1 DISSERTATION ORGANIZATION 

Biosensor development is a multidisciplinary effort and requires performance of 

experiments in different areas such as biochemistry and surface chemistry, materials and 

chemical engineering and biophysics. To be consistent, each chapter is organized in the 

similar manner, providing introduction, experimental results, conclusions and references. 

Chapter 1 describes the characteristics of OP neurotoxins and the need for their detection. 

It also includes the literature review of the biosensor technology and the existing 

techniques for OP detection. Chapter 2 provides an insight on the research goals and 

objectives. Chapter 3 details a fiber-optic fluorescence biosensor using a four-channel 

fluorimeter, Analyte 2000. OPH was immobilized using avidin-biotin chemistry. The 

change in fluorescence of a pH-sensitive fluorophore, carboxynaphthofluorescein (CNF) 

was a direct measure of the concentration of analyte present in the sample. The lowest 

detection limit for paraoxon was 0.5µM.  Since p-nitrophenyl (pNP)-substituent OPs are 

more frequently used than the non-pNP counterparts, a more specific detection strategy 
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based on the fluorescence resonance energy transfer (FRET) between Coumarin1 and 

pNP was developed, which is described in Chapter 4.  

Immobilization of enzymes with total retention of its activity in different matrices 

with good diffusion properties for substrates is a crucial factor for the development of 

biosensors. Therefore, in order to achieve this purpose, a simple method for 

encapsulation of OPH within silica nanoparticles is described in Chapter 5. As indicated 

in the conclusions of Chapter 3, that higher sensitivity of detection can be obtained by 

through optimization of binding chemistry on sensor surface. One such approach is OPH 

immobilization though site-specific binding which can be achieved using OPH 

antibodies.  In all the preceding chapters (Chapters 3, 4 and 5), OPH has been 

immobilized in a random fashion and as enzymatic activity is a direct consequence of the 

manner the enzyme is immobilized on the surface, Chapter 6 provides a detailed insight 

on orientation-specific attachment of OPH using antipeptide antibodies on sensor 

surfaces. Therefore, this study addresses the issue of orientation of OPH to achieve 

higher sensitivity. In addition, an effort towards the improvement in the efficiency of 

immobilized enzyme has been presented in Chapter 7. It describes a study on the 

orientation-specific attachment of OPH to a gold surface using SPR. This strategy has 

provided an opportunity for optimization of active site accessibility and thus sensitivity of 

detection using variants of the enzyme.  

Due to their high surface area for immobilization of biomolecules and excellent 

electrical properties, carbon nanotubes (CNTs) have been incorporated for detection of 

OPs. CNTs not only provided a support for the immobilization of OPH but also enabled 

amplification of the electrochemical signal of p-nitrophenol because of their ability to 
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promote fast electron transfer. Therefore, Chapter 8 details the purification, 

functionalization and characterization of the OPH-immobilized CNTs and their 

application for electrochemical biosensing of OPs. Chapter 9 and 10 presents an overall 

summary and conclusions of this research and the proposed future work respectively. 
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3. A FLUORESCENCE-BASED BIOSENSOR FOR THE 

DETECTION OF ORGANOPHOSPHATE PESTICIDES AND 

CHEMICAL WARFARE AGENTS 

 

3.1  INTRODUCTION 

In this chapter, the development of an OPH enzyme-based biosensor system for 

direct and real-time detection of nerve agents using the Analyte 2000 is described. The 

great advantage of this approach over antibody-based affinity analysis is the kinetic 

nature of the assay and possibility to use the same waveguide for multiple analyses; most 

immunoassay systems can be used only one time as they are unable to operate once a 

target analyte is bound. Classically, they should be replaced with new biosensor element. 

In contrast, enzyme-based systems are capable of analyzing great numbers of samples 

with the same waveguide, until the activity of the immobilized enzyme drops to very low 

levels (usually due to enzyme attrition). This makes analyses more cost and operationally 

efficient and allows using the system in field applications.  

The pH-reporter fluorophore used in this project is a carboxynaphthofluorescein 

(CNF), a pH-sensitive fluorophore (Figure 3-1a). CNF has two absorption maxima, at 

512 and 598 nm, and its emission spectral peaks are observed at 563 and 668 nm, 

respectively. CNF is available with a succinimidyl ester conjugation motif that can form a 

very stable amide bond with the protein or target of interest. Given an aqueous solution 

with a starting pH of 9.0, CNF fluorescence intensity will decrease as the pH decreases 
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(Figure 3-1b). Even though the absorption wavelength for CNF is not well matched with 

the light source wavelength of the Analyte 2000, there is a large enough absorption cross 

section at 635 nm for useful excitation to occur. 

 

Figure 3-1: (a) Carboxynaphthofluorescein structure and (b) emission spectra at 

different pHs with excitation at 635 nm 

3.2 EXPERIMENTAL 

3.2.1 Reagents and enzymes 

Wild-type and variants of OPH (E.C.3.1.8.1) were isolated from a recombinant 

Escherichia coli strain using published procedures [1, 2] .CHES and phosphate buffers 

were obtained from Sigma Chemical Co. (St. Louis, MO). Organophosphate compounds 

were purchased from Chem. Service Inc. (West Chester, PA). Neutravidin and 

biotinylated albumin was purchased from Pierce Biotechnology Inc. (Rockford, IL). CNF 

and biotin–XX–SE were purchased from Molecular Probes (Eugene, OR). All other 

reagents were purchased from Fisher Scientific (Hampton, NH). All water used in the 
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preparation of reagents and for rinsing waveguides and other surfaces was Type I water 

prepared in a Millipore system and determined to be ≤18.2mΩ.  

 

3.2.2 Analyte 2000 

The Analyte 2000
TM

 is a four-channel, single-wavelength fluorescent detection 

platform, and each channel includes an optical waveguide in a cuvette housing, a fiber-

optic cable transmitting the excitation light to the waveguide and a coaxial cable carrying 

the electrical signal back from the photodiode. The main unit houses four sets of opto-

electronics for the four channels consisting of the laser diodes, the amplifiers and the 

analog-to-digital converters. A motherboard with an onboard microprocessor controls the 

four channels and sends information to a laptop computer through an RS232 connection. 

A proprietary software package displays the real-time signal from up to four individual 

waveguides in graphic and numerical formats and provides for running automated assay 

protocols. The 40mm long polystyrene waveguides terminate in a convex lens. Light is 

launched down the center of the waveguide where an aspheric surface focuses the light 

into the sensing portion so as to maximize the evanescent energy that excites the 

fluorophores. Emitted light is recovered by the waveguide and passed through absorptive 

and dichroic filters to remove extraneous excitation light. The beam is then focused onto 

a photodiode for detection (Figure 3-2). Avidin may be adsorbed directly to the surface as 

is commonly used with microtiter plates and seems to have worked well in many 

immunoassay studies using these waveguides [3].Our current process has evolved after a 

multitude of variations of the adsorption was attempted. 
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Figure 3-2: Light path of the polystyrene waveguide (photo from Research 

International website, www.resrchintl.com) 

3.2.3 Waveguide Preparation 

Each polystyrene waveguide (Research International) was washed in 50% ethanol 

in an ultrasound cleaner for 5 min. The tip of the waveguide was dipped in black enamel 

paint and allowed to dry to minimize back-reflected laser light. The waveguide was then 

placed in a plasma cleaner chamber (REFLEX Analytical Corporation, Ridgewood, New 

Jersey) and the air is exchanged with industrial grade (99.9%) nitrogen (BOC Edwards, 

Wilmington, MA). After a vacuum was applied, nitrogen was allowed to flow slowly to 

maintain low pressure and the production of plasma around the guide for 6 min. The 

chamber was allowed to reach room pressure with nitrogen. The waveguide was quickly 

transferred to a plain capillary tube to be used as a reaction chamber with 1 mg/mL 

Neutravidin in phosphate buffer (20 mM, pH 8.3). Each capillary tube holds a minimum 

of 80µL of solution around the waveguide. The waveguide was incubated in the 

http://www.resrchintl.com/
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Neutravidin overnight. All incubations for waveguide preparation are performed at 4ºC. 

The waveguide was rinsed with water, allowed to dry, then was incubated with biotin–

XX–SE (0.5 mg/mL biotin in DMF + water; DMF: water = 1:10) overnight and rinsed 

again. The waveguides were ultimately incubated in 1 mg/mL OPH or bovine serum 

albumin (as a reference channel) in phosphate buffer (20 mM, pH 8.3) with 20mM CoCl2 

overnight followed by a 2 h incubation (minimum) with 100µg/mL CNF. During the 

incubations, periodic moving of the waveguide in and out of the capillary tubes mixed the 

solutions. The incubation waveguides were intensively rinsed with Type I water and 

stored in the storage buffer. Once the waveguide was prepared, it was placed in the 

waveguide holder. The system was turned on and the signal was monitored on a PC using 

the Research International proprietary software. 

 

3.2.4 Calculations 

The relative change in intensity [(I1–I5/I1) ×100] is calculated to obtain the 

calibration graphs. The change is calculated after 5 s of the injection of the sample for 

PX. This time interval varies with the kind of substrate depending on its hydrolysis by the 

OPH enzyme. The activity of soluble OPH with paraoxon was measured in an aqueous 

solution according to a published protocol [4] . The activity of immobilized enzyme on 

the waveguide was measured in a cuvette in a spectrophotometer. Minor modifications to 

the referenced procedure were made to accommodate the waveguide. The waveguide 

with immobilized enzyme was placed in 4mL of 50mM CHES buffer in a cuvette with a 

stir bar. The reaction was initiated with the addition of substrate and measured over 2 

min.  
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Samples tested on the Analyte 2000 were prepared in 1 and 0.5mM CHES buffer 

with 120mM NaCl, 2.7mM KCl and 20mM CoCl2. A non-buffered preparation was also 

made with the identical salts. The 3mL samples are introduced into the Analyte cuvettes 

by injection with a syringe. The signal was monitored for 30 s and the measurement cell 

was rinsed with buffer. After the signal stabilizes (<5 pA change per second), another 

sample was introduced. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Analytical characteristics of immobilized enzyme detection 

In a pilot study, a mixture of CNF, OPH and 1mM CHES buffer was introduced 

in the cuvette of the spectrofluorimeter QM-1 (Photon Technologies International, 

Lawrenceville, NJ). After obtaining a baseline, paraoxon was added and fluorescence 

intensity was monitored. CNF is a pH-sensitive fluorophore with the longest available 

excitation wavelength. The peak absorption wavelength is 598 nm and the peak emission 

wavelength is 668 nm. Although not at its peak, the pH probe is still amply excited at 635 

nm (required by the Analyte), showing a 34% signal loss due to the longer excitation 

wavelength (Figure 3-3).  
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Figure 3-3: Carboxynaphthofluorescein (CNF) excitation at optimal wavelength 

(598 nm) and red laser wavelength (635 nm) obtained in cuvette of the 

spectrofluorometer QM-1 

Bovine serum albumin, a protein of similar size to OPH (68 kDa), was employed 

in the preparation of a reference waveguide. The biotinylated albumin was bound to 

avidin, and subsequently, incubated with CNF in the same manner as the OPH 

waveguide. There was no detectable signal upon adding paraoxon (data not shown). The 

multi-channel capability of the Analyte allows the direct comparison of one to three 

waveguides prepared with enzyme and one BSA reference, when a single sample may be 

injected into multiple separate measurement units containing individual waveguides. The 

simultaneous analyses on reference and enzyme waveguides using the identical sample 

offer a valuable comparison which clearly differentiates the actual enzymatic action as 



58 

 

opposed to minute pH differences between the buffer and sample preparations as seen on 

the reference BSA waveguide. When a sample of paraoxon was introduced to an 

OPH/CNF-coated waveguide and a BSA reference waveguide, a characteristic pattern 

was seen (Figure 3-4).  

 

 

Figure 3-4: Example of typical signal response to introduction of substrate (vertical 

arrow) to a two-channel system of the Analyte 2000 (has up to four channels). Curve 

1 corresponds to the waveguide with OPH and CNF and Curve 2 obtained from the 

reference waveguide with BSA and CNF. CHES 1mM, pH 9.0 

There was a small rapid initial change upon addition of sample, which may be 

caused by a small difference of buffer pH. It was critical to observe the control 

waveguide as it provided information as to how much the OPH waveguide was 
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influenced by sample pH bias. The steep slope observed following substrate introduction 

was markedly different from that of the reference due to the changes that occur as the 

maximum velocity of the reaction is reached. The slope appeared to increase with 

substrate concentration as is expected. While the signal change from the reference 

channel was negligible, a significant change in working channel signal was observed. As 

the substrate in the reaction cuvette was exhausted, diffusion transports additional 

substrate to the surface of the waveguide. However, with immobilized enzymes, this 

process is much slower than in a homogenous soluble enzyme preparation. This prevents 

the OPH waveguide from reaching the rapid equilibrium seen in the reaction chamber on 

the spectrofluorimeter. As the signal returned to the slope of signal degradation, it 

remained slightly higher for a long time. Given enough time, the slope of the signal 

would reflect that all substrate was eliminated from the ports and the tubing. 

Determination of substrate concentration has been established as 95% of signal change 

over 30 s. 

 

3.3.2 Buffer selection 

The influence of the buffer capacity of the solution on sensor response is a well-

documented limitation of any pH measurement-based biosensor [5]. On one hand, it is 

necessary to minimize buffer capacity to maximize the pH change available from 

enzymatic hydrolysis of the analyte and on the other hand, it is necessary to provide some 

solution pH control to minimize background pH drift caused by sample addition and to 

maintain the pH required for enzyme activity. A high salt concentration helps stabilize 
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buffer by providing ionic strength; however, in aqueous water solutions, salts alone do 

not stabilize the pH throughout prolonged experiments.  

Based on previous work [5] , a buffer strength of 1mM was shown to represent a 

compromise between a satisfactory signal and the ability of an open system (subject to 

CO2 absorption) to maintain constant pH. The independent control pH measurements 

were performed on the reference channel with a waveguide containing only BSA and 

CNF, but not OPH, indicated negligible changes in bulk pH associated with analyte 

hydrolysis. The buffer strengths tested were sufficient to compensate the acidic product 

generated by the immobilized enzyme once it diffused into the bulk. NaCl and KCl are 

added to provide ionic stability and as cobalt is a vital cofactor for OPH, CoCl2 was 

added to prevent depletion of cobalt from the immobilized enzyme. This buffer, 1mM 

CHES, pH 9.0, 200mM NaCl, 2.7mM KCl, 20mM CoCl2, was used as the main buffer 

for the fluorimetric assays in this study. Since environmental samples may not have a 

buffer of measurable strength, other buffer concentrations were evaluated to avoid big 

signal changes on sample introduction. CHES (0.5 mM) and Type I water with salts but 

no buffer were tested and sensitivity curves were evaluated in comparison to the 1mM 

buffer (Figure 3-5). 
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Figure 3-5: (a) Comparison of CHES 1mM and DI water with salt buffers with PX. 

(b) Comparison of CHES 1mM and CHES 0.5mM buffers with PX 
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3.3.3 Enzyme immobilization quantitation and activity 

Experiments were conducted to determine the amount of enzyme immobilized on 

the waveguides. Each incubation cuvette holds 100µL of solution and 20µL is displaced 

by the waveguide. A ratio of enzyme concentration was determined by the activity of the 

solution after incubation and compared to the known concentration of the enzyme before 

incubation. The immobilized enzyme on one waveguide had the equivalent activity of 

approximately 10 ng soluble OPH. These studies indicate that an average of 7.78 ng of 

enzyme was immobilized on the waveguides. The coefficient of variation for this analysis 

was high and additional evaluations are in progress. 

 

3.3.4 Reaction pH 

CNF shows a change in fluorescence intensity over the pH range of ~6–10, easily 

covering the pH 7.5–9.5 range of optimal OPH activity. Samples were prepared in a 

buffer of pH of 9.0. This allows for a large signal drop should it occur. Paraoxon samples 

of 7mM and greater saturated the amount of CNF present and decreased the fluorescence 

signal below a point where no changes are discernable, which prevents measurement of 

the actual extent of pH change by this method and only provides information that a large 

amount of substrate was present.  

Varying concentrations of paraoxon were assayed to establish the sensitivity of 

the system. The data in Figure 3-6 shows the relative stability of the control waveguide 

and the increasing signal change from the OPH waveguides. The reference waveguide 

was invaluable to distinguish the effects of sample pH changes versus other interfering 

substances. 



63 

 

 

Figure 3-6: Signal responses to increasing amounts of paraoxon (5–50 µM) 

An important aspect of this system is signal decay, which was evident on all 

waveguides over time. Newly prepared waveguides generally have a high initial signal 

(12,000–24,000 pA) that falls rapidly after the laser is turned on. The decay rate 

decreases and reaches a rate where the reactions are discernable. Thus, it was necessary 

to allow new waveguides to stabilize before the samples are introduced. The rate of <5 

pA/s change was established as acceptable and allows for determination of calibration 

data. If the lasers are turned off between measurements, the decay was reduced for this 

time. This suggests that photobleaching might be a contributor to the signal decay. The 

calibration curve in Figure 3-7 shows sensitivity as low as to 1µM paraoxon in 1mM 

CHES. The storage stability was very good, and the waveguide retained about 80% of the 

starting activity after storage for 4 weeks in PBS with 50mM CoCl2.  
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Figure 3-7: Calibration curve for paraoxon with CHES 1 mM, pH 9.0, buffer 

In order to validate this sensor for other OP neurotoxins, another substrate was 

tested on the same set of waveguides as used for paraoxon. Diisopropyl 

phosphorofluoridate (DFP) is an OP with a P F bond, which is seen in G-type nerve 

agents, such as soman and sarin. As such, it is commonly used as a surrogate for these 

compounds. The reaction with OPH is similar to paraoxon with the fluorine becoming the 

leaving group. The raw data using revealed the characteristic signal drop from OPH 

enzymatic activity and increasing signal change in response to increases in substrate 

concentration (Figure 3-8a). A linear detection range for DFP in 1mM CHES buffer was 

2–400 µM (Figure 3-8b).  
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Figure 3-8: (a) System responses to the sample contained similar concentrations (50 

µM) of PX and DFP. Two control channels with BSA and two working channels 

with OPH. (b) Calibration graph for DFP with CHES 1 mM, pH 9.0, buffer 
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As previously stated, the Analyte 2000 spectrofluorimeter was mostly used for 

immunological methods. We have now demonstrated that it can be used successfully for 

the enzymatic detection of a chemical. The system was able to make a real-time 

evaluation of the substrate hydrolysis and produce quantitative information at a wide 

range of concentrations. This approach provides a measurement of products from the 

catalytic reaction that is directly proportional to the substrate concentration based on the 

fluorescence spectral intensity change. The reference channel allows for a measurement 

of pH changes from the buffer solution and the sample solution and eliminates incidental 

change.  

From these data, we can conclude that the measurement of OPs by this method is 

linear from 1 to 3000 µM (data not shown for higher concentrations) in a 1mM buffer. In 

lower concentration buffers or in water, OPs are directly detectable as low as 0.05µM. 

Whether this is practical for an assay will depend on the origin of the sample. In some 

cases, such as in food preparation, concentrating samples may be considered to increase 

the detectable range. It would allow for this particular array to be used in more types of 

monitoring. Comparison studies with a spectrofluorimeter revealed that up to 34% of the 

potential signal was lost by not using the optimum excitation and emission wavelengths 

for CNF. If the wavelengths were changed on the Analyte 2000 or on another platform 

with adjustable excitation/emission wavelengths, the signal to noise ratio would be much 

greater and better characteristics could be achieved. 
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3.3.5 Confirmation of Binding chemistry using SPR 

Surface Plasmon resonance was used to confirm the successful immobilization of 

OPH on the waveguides. The binding events were similar to the ones used on the 

waveguides (Figure 3-9).  

 

Figure 3-9: Binding sequence on the SPR sensor surface 

The gold sensor surface was cleaned with piranha solution followed by rinsing 

and sonication with Milli-Q water. The sensor was then initialized in air and water, 

followed by in-situ cleaning with NaOH-TritonX. After establishing a baseline with 

CHES, Neutravidin was non-specifically adsorbed on the gold surface. BSA and PBS-

Tween was used to block the remaining sites, followed by specific immobilization of 

biotinylated OPH only on the working channel. The real-time binding events on the 

sensor surface are shown in Figure 3-10a. Known concentrations of paraoxon were 

introduced to determine the activity of the immobilized OPH. Paraoxon, 0.6-64 µM, was 

circulated across the surface at a flow rate of 105µl/min for 2 min.  Activity was 

measured by collecting 200 µl of the flow through, measuring the absorbance of p-

nitrophenol thus formed at 405nm, after the two minute circulation. A calibration graph 
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was obtained by plotting the absorbance of p-nitrophenol measured at 405nm versus the 

paraoxon concentration (Figure 3-10b). 

 

 

Figure 3-10: (a) Real-time SPR sensorgram of the binding events on the sensor 

surface (b) Calibration graph for 0.6-64 µM PX 



69 

 

3.4 CONCLUSION 

The study demonstrated the direct detection of OP neurotoxins based on the OPH 

enzyme conjugated with reporter CNF fluorophore and anchored on the optical 

waveguide of portable fluorimeter Analyte 2000. Because of the rational design of the 

recognition (OPH) and reporter (CNF) molecules, OP samples as low as 0.05µM were 

qualitatively detected, with quantitative detection range of 1–800 µM. This biosensor 

assay system has the potential to be directly connected to a laptop computer and 

information may be immediately distributed to enact an appropriate response. This could 

also be used to provide continual remote monitoring and notification. The obvious 

improvement of the system parameters may be achieved by alteration of excitation light 

source to the appropriate wavelength of reporter fluorophore dye and optimization of 

coupling chemistry. With those improvements in the mind, the Analyte 2000 shows 

promise to be applied in numerous other enzymatic assays. Using CNF as an indicator, 

any reaction occurring in the 7–10 pH region could feasibly be measured. Other pH-

sensitive dyes, such as seminapthofluorescein and seminaphthorhodafluors (SNARF 

dyes, Molecular Probes Inc.), should be evaluated on this system. Application of FRET 

approaches may be useful. Considering the portability of the instrument, a niche of 

environmental, food safety or bedside healthcare detection is possible. 
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4. FLUORESCENCE-BASED SENSING OF p-NITROPHENOL 

AND p-NITROPHENYL SUBSTITUENT ORGANOPHOSPHATES 

 

4.1. INTRODUCTION 

A novel detection method for organophosphate neurotoxins has been described, 

based on the fluorescence quenching of a Coumarin derivative. These dyes are similar in 

structure to some organophosphates (OPs), and they fluoresce in the blue–green region of 

the spectra. This methodology has been utilized for the detection of organophosphates 

whose hydrolysis product is p-nitrophenol by using an enzyme, organophosphorus 

hydrolase (OPH). Coumarin1 in the presence of p-nitrophenol results in a quenching of 

fluorescence, providing a direct measure of the concentration of p-nitrophenol present in 

the sample. The decrease in fluorescence intensity is proportional to the paraoxon 

concentration in the range of 7.0×10
−7

–1.7×10
−4

 M. The specificity of this sensing 

application for p-nitrophenyl substituent OPs has also been demonstrated. OPs are a class 

of synthetic organic pesticides which generally have a short residual life and can cause 

numerous acute and chronic health effects. They have been an integral part of the 

agricultural industry for the past several decades due to their target specificities and 

selectable toxicities. The toxic nature of these compounds can be attributed to the 

species–specific inhibition of acetylcholinesterase (AChE), an important enzyme 

responsible for the regeneration of neural synaptic function. In addition to their wide 

agricultural and urban usage, they have also been exploited for the development of 
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neurological chemical warfare agents. Currently available technologies for OP detection 

include sol–gel thin films, screen printed electrodes, acoustic patterning, gas 

chromatography–mass spectrometry, and various other intricate techniques that have 

limited field applicabilities. This optically-based approach promises much simpler and 

more direct detection capabilities. 

p-Nitrophenol, the degradation product of some of the OPs, is corrosive and 

acutely toxic by oral route [1]. This class of compounds has also been found as 

environmental contaminants in fresh water and in the atmosphere, acute exposure to 

which causes headaches, nausea and cyanosis [2]. Therefore, detection of these 

compounds is a matter of environmental and health concern. p-Nitrophenyl (pNP)-

substituent organophosphates, which include ethyl parathion, methyl parathion, paraoxon, 

and fenitrothion, are more extensively used than their non-pNP counterparts [3]. 

Malathion and diazinon (pNP-substituent OPs) were ranked number one and three, 

respectively, as the most commonly used organophosphate insecticides active ingredients 

by EPA [4]. The extensive usage of these pesticides generates large volumes of pesticide-

containing waste. Typical pesticide concentrations can range from 1 to 10,000 ppm and 

improper disposal can be hazardous to the environment [5].  

Fluorescence-based methods can be used to detect very low concentrations of an 

analyte or a molecule of interest. Fluorescent probes enable researchers to detect 

individual components of complex systems, such as living cells, with exceptional 

sensitivity and selectivity. Coumarin compounds are derivatives of 1,2-benzopyrone 

which display high fluorescence quantum yield in the blue–green region upon 

photoexcitation. Previously, the fluorescence properties of coumarin derivatives 
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combined with substrates have been used to investigate enzymatic process [6]. In a recent 

study the fluorescence properties of 7-isothiocyanato-4-methylcoumarin have been 

utilized by Orbulescu et al. for development of a highly sensitive biosensor for the 

detection of low concentrations of paraoxon [7]. 

The present study reports the development of a new sensor for the direct detection 

of p-nitrophenol and p-nitrophenol substituent organophosphorus neurotoxins. In this 

system, detection is based on the fluorescence quenching of coumarin1, competitive 

inhibitor of an OP-hydrolyzing enzyme, organophosphorus hydrolase (OPH, E.C. 

3.1.8.1). OPH is a 72 kDa homodimeric enzyme which catalyzes the hydrolysis of the P–

O, P–S, P–F, and P–CN bonds of OP-neurotoxins. This makes OPH a suitable 

recognition element for the detection of these substrates. OPH operates near the limits of 

diffusion with some substrates and can be altered to enhance its specificity towards a 

variety of OP-substrates [8-13]. The kinetic evaluation of OPH with the fluorescence 

compounds coumarin and coumarin1 determined these compounds to be competitive 

inhibitors of the enzyme. While Orbulescu et al. [7] focused on the surface 

characterization of the OPH-based biosensor, this current study concentrated upon the 

sensing element, OPH, and the potential of using an untethered dye as the reporter. In 

addition, our analysis demonstrated the applicability of this method beyond paraoxon to 

other p-nitrophenol OPs. 
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4.2. EXPERIMENTAL  

4.2.1. Materials 

The enzyme, organophosphorus hydrolase, was purified as previously described 

[51]. Paraoxon was purchased from Chem-Service, Inc. (West Chester, PA) and 

coumarin dyes were obtained from Sigma (Aldrich, St. Louis, MO) and were diluted in 

ethanol for use. Water used for preparation of aqueous solutions was from a Millipore 

Direct-Q Water system (resistivity, 18MΩcm
−2

). 

 

4.2.2. Instrumentation 

All fluorescence intensities were measured using a Photon Technology 

International (PTI) Quantum Master Fluorescence spectrophotometer equipped with a 

xenon lamp. The excitation and emission spectra were evaluated for both dyes; buffer 

without coumarin dye was used as a control. Coumarin and coumarin1 were first 

prepared in 95% ethanol and then at the required concentrations as solutions in 20mM 2-

(N-cyclohexylamino)ethane sulfonic acid (CHES), pH9.0. The total reaction volume for 

the fluorescent assays was 3 ml. 

 

4.2.3. Procedures 

The fluorescent compounds coumarin and coumarin1 were selected for evaluation 

based on their structural similarity with some organophosphates (Figure 4-1). A one 

molar solution of both coumarin and coumarin1 were made in 95% ethanol. The solutions 

were stored at room temperature and used within 1–4 days. Both compounds were stable 

under these conditions. Due to their limited solubility in aqueous solutions, all kinetic 
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assays with these compounds were done in 1% ethanol. Control assays without inhibitors 

were also performed in 1% ethanol. Kinetic assays were performed in 20mM CHES, pH 

9.0 with 7×10
−14

 mol OPH. The catalytic rates (kcat) for the enzyme in the presence and 

absence of potential inhibitors were determined by evaluating velocity of a constant 

enzyme concentration with variable concentrations of substrate. Three final 

concentrations of coumarin (5, 10, and 20 mM) and coumarin1 (1.25, 2, and 5 mM) were 

used. All assays were performed in a 1 ml total volume and the reaction was initiated by 

the addition of paraoxon. Change in absorbance per minute (ΔAmin−1) was monitored at 

400 nm. Measurements of ΔAmin−1 were converted to µmol product per second using 

the molar extinction coefficient for the product, p-nitrophenol, of 17,000M
−1

 cm
−1

. The Ki 

values for coumarin and coumarin1 were 4.7 and 0.3 mM, respectively. 

 

 

 

Figure 4-1: (a) Coumarin1, the fluorescent compound and competitive inhibitor 

selected as the Reporter in this study. (b) Coumaphos, an OP insecticide commonly 

used for control of a wide variety of livestock insects. 
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4.3. RESULTS AND DISCUSSION 

Kinetic evaluation determined that both coumarin and coumarin1 behave as 

competitive inhibitors of OPH; however, comparison of the emission spectra relative to 

the buffer control demonstrated that the coumarin emission peak coincided with the 

Raman peak of water. Since the emission peak of coumarin1 was distinct, it was selected 

as the fluorescent reporter for sensor development. The excitation and emission peaks of 

coumarin1 were observed at 343 and 465 nm, respectively. 

 

4.3.1. Fluorescence measurements for p-nitrophenol 

The fluorescence intensity of coumarin1 was measured following the addition of 

varying concentrations of p-nitrophenol. As expected the system showed fluorescence 

quenching with increasing concentration of pNP (Fig. 4-2a). A calibration graph was 

obtained for p-nitrophenol and the minimum detection limit was found to be 1.8 µM (Fig. 

4-2b). When the fluorescence changes of pNP in the absence of OPH was tested (Fig. 4-

2c), the system showed a similar response as in the presence of OPH. This demonstrated 

that OPH is not required for detection of p-nitrophenol alone. 
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Figure 4-2: (a) Fluorescence of coumarin1 (C1) at p-nitrophenol (pNP) 

concentrations from 0.4×10
−6

 to 0.173×10
−3

 M. (i) C1, (ii) C1 +WT, (iii) 0.4µM, (iv) 

0.7µM, (v) 1.8µM, (vi) 3.5µM, (vii) 7µM, (viii) 18µM, (ix) 35µM, (x) 87µM, and (xi) 

173µM. (b) Calibration curve with p-nitrophenol. Relative fluorescence intensity 

change (RFI) is plotted as a function of added p-nitrophenol (pNP) concentration. 

(c) Fluorescence of Coumarin1 at p-nitrophenol (pNP) concentrations from 0.4×10
−6

 

to 0.173×10
−3

 M in absence of OPH; (i) C1, (ii) 0.4µM, (iii) 0.7µM, (iv) 1.8µM, (v) 

3.5µM, (vi) 7µM, (vii) 18µM, (viii) 35µM, (ix) 87µM, and (x) 173µM. All the 

experiments were conducted in the absence/presence of OPH in 20mM CHES 

buffer, pH 9.0. [Coumarin1] = 2.33×10
−8

 M. Coumarin1 was excited at 343 nm. 

Coumarin1: OPH= 1:1. 



79 

 

4.3.2. Fluorescence measurements for paraoxon 

As paraoxon is hydrolyzed, a chromogenic, p-nitrophenol (pNP) and a colorless 

product, diethyl phosphate are released. The hydrolytic generation of p-nitrophenol leads 

to quenching of the coumarin1 fluorescence. The relative concentrations of coumarin1 

and OPH were standardized for all assays at a 1:1 molar ratio. If the amount of 

coumarin1 was in excess in solution, the background fluorescence reduced the detection 

limit for the OP compound, as demonstrated in Figure 4-3. The fluorescence intensity of 

coumarin1 was measured and used as a background signal level. OPH was added and the 

intensity of fluorescence was measured again (FI0). Equimolar concentration of OPH and 

coumarin1 were used for all the experiments. 

 

Figure 4-3: Calibration curve showing differences in sensitivity of PX detection 

when the concentration of coumarin1 is made equal to and greater than the 
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concentration of OPH in working solution. 20mM CHES buffer, pH 9.0. 

Coumarin1:OPH = 1:1 and 14:1. 

Control experiments were performed to monitor for fluorescence intensity 

changes in the absence of OPH (Figure 4-4a). Paraoxon was added in a concentration 

series and fluorescence intensities (FIn) were again measured (Figure 4-4b).  
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Figure 4-4: (a) Fluorescence of coumarin1 at varying paraoxon concentrations in 

the absence of OPH. 20mM CHES buffer, pH 9.0. [Coumarin1] = 2.33×10
−8

 M. PX 

concentration from 0.4×10
−6

 to 0.173×10
−3 

M; coumarin1 was excited at 343 nm. (i) 

C1, (ii) 0.4µM, (iii) 0.7µM, (iv) 1.8µM, (v) 3.5µM, (vi) 7µM, (vii) 18µM, (viii) 35µM, 

(ix) 87µM, and (x) 173µM. (b) Fluorescence of coumarin1 at varying paraoxon 

concentrations in the presence of OPH. 20mM CHES buffer, pH 9.0. [Coumarin1] = 

2.33×10
−8

 M. PX concentration from 0.4×10
−6

 to 0.173×10
−3

 M; coumarin1 was 

excited at 343 nm. Coumarin1:OPH = 1:1. (i) C1, (ii) C1 +WT, (iii) 0.4µM, (iv) 

0.7µM, (v) 1.8µM, (vi) 3.5µM, (vii) 7µM, (viii) 18µM, (ix) 35µM, (x) 87µM, and (xi) 

173µM. 
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Relative fluorescence intensity change, RFI was calculated as: 

 

nwheren
FI

FIFI
RFI n ....3,2,1,

0

0  

 

RFI represents the ratio of change of fluorescence in the presence of paraoxon to 

the fluorescence in the absence of paraoxon. Approximately 15% change in the RFI was 

observed in the absence of OPH, while in the presence of OPH 80% RFI was observed in 

the fluorescence intensity of coumarin1 at the highest concentration of PX. The changes 

in the absence of OPH are likely due to auto hydrolysis of PX. A calibration curve for 

paraoxon is presented in Figure 5-5 in which the mean relative fluorescence intensity 

(RFI) is plotted against the paraoxon concentration. The minimum paraoxon detected was 

0.7 µM, which corresponds to less than 2% fluorescence quenching. Good linearity was 

observed at paraoxon concentrations up to 8µM. Experiments were performed to 

determine if there were any changes in fluorescence intensity associated with diethyl 

phosphate (DeP), the second product of paraoxon degradation. The calibration curve was 

repeated, with addition of varying concentrations of DeP. No changes in fluorescence 

were observed for DeP (Data not shown). 
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Figure 4-5: Calibration curve with paraoxon. Mean relative fluorescence intensity 

change (RFI) is plotted as a function of added paraoxon (PX) concentration. 20mM 

CHES buffer, pH 9.0, coumarin1 concentration 2.33×10
−8

 M, 1:1 coumarin1: OPH 

4.3.3. Analytical procedure and evaluation 

The principle of this method was validated with parathion, a p-nitrophenyl 

substituent organophosphorus compound. The detection methodology was as described 

for the paraoxon studies, fluorescence intensities at varying concentrations of parathion 

were measured and a calibration curve generated from the measurements. The minimum 

parathion concentration detected was 0.7µM, and linearity (Y = 0.0069 + 0.00209X, R = 

0.98575) was observed at concentrations up to 143 µM. These results provided evidence 

that this detection method will work for other nitrophenyl substituent organophosphates. 

To determine if the detection was selective toward nitrophenyl substituent 
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organophosphates as it is designed to be, non-pNP producing OPs like malathion and 

DFP were tested. Using the same detection methodology, the fluorescence intensity was 

measured (Figure 4-6a and b) and the relative fluorescence intensities were calculated. 

No evidence of quenching was observed at 7µM DFP and 7µM malathion but at the same 

concentration, PX gave around 11% quenching in fluorescence. 
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Figure 4-6: Selectivity of the methodology. (a) Fluorescence of coumarin1 at 

diisopropyl fluorophosphate (DFP) concentrations from 1.65×10
−6

 to 0.165×10
−3

 M. 

(i) C1, (ii) C1 +WT, (iii) 1.65µM, (iv) 3.3µM, (v) 6.6µM, (vi) 16.5µM, (vii) 33µM, 

(viii) 49.6µM, (ix) 82.8µM, and (x) 165µM. (b) Fluorescence of coumarin1 at varying 

malathion concentrations from 0.4×10
−6

 to 0.087×10
−3

 M. (i) C1, (ii) C1 +WT, (iii) 

0.4µM, (iv) 0.7µM, (v) 1.8µM, (vi) 3.5µM, (vii) 7µM, (viii) 18µM, (ix) 35µM, and (x) 

87µM. Both OPs were tested in the presence of OPH–coumarin1, in 20mM CHES 

buffer, pH 9.0. [Coumarin1] = 2.33×10
−8

 M. Coumarin1 was excited at 343 nm. 

Coumarin1: OPH = 1:1 

4.4. CONCLUSION 

The results presented here report the development of an alternative method for the 

detection of p-nitrophenyl-substituted organophosphates using the fluorescence changes 
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of a competitive inhibitor, coumarin1. Coumarin1 in the presence of p-nitrophenol leads 

to fluorescence quenching which is suspected to be due to fluorescence resonance energy 

transfer (FRET). The energy transfer efficiency for the coumarin1 and pNP pair for the 

ratio of 1:1 concentration was found to be 50% [14]. This approach allows for the 

development of a simple, cost effective and easy methodology for detection of p-

nitrophenol and, by coupling with OPH, for detection of pNP-substituent 

organophosphates. It has been illustrated that this concept can be developed as a 

biosensor of paraoxon and parathion, it can also be applied to other nitrophenyl 

substituted OP pesticides like methyl parathion and fenitrothion. Further studies are 

underway to better characterize the critical components for sensitivity that include type of 

coumarin, binding characteristics of coumarin to the enzyme, and surface attachment 

methods. 
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5. ENZYME-ENCAPSULATED SILICA MONOLAYERS FOR 

RAPID FUNCTIONALIZATION OF A GOLD SURFACE 

 

5.1 INTRODUCTION

We developed a simple and rapid method for the deposition of amorphous silica 

onto a gold surface. The method is based on the ability of lysozyme to mediate the 

formation of silica nanoparticles. A monolayer of lysozyme is deposited via non-specific 

binding to gold. The lysozyme then mediates the self-assembled formation of a silica 

monolayer. The silica formation described herein occurs on a surface plasmon resonance 

(SPR) gold surface and is characterized by SPR spectroscopy. The silica layer 

significantly increases the surface area compared to the gold substrate and is directly 

compatible with a detection system. The maximum surface concentration of lysozyme 

was found to be a monolayer of 2.6 ng/mm
2
 which allowed the deposition of a silica layer 

of a further 2 ng/mm
2
. For additional surface functionalization, the silica was also 

demonstrated to be a suitable matrix for immobilization of biomolecules. The 

encapsulation of organophosphate hydrolase (OPH) was demonstrated as a model system. 

The silica forms at ambient conditions in a reaction that allows the encapsulation of 

enzymes directly during silica formation. OPH was successfully encapsulated within the 

silica particles and a detection limit for the substrate, paraoxon, using the surface-

encapsulated enzyme was found to be 20µM. 
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Immobilization of enzymes on solid substrates, such as silicon [1, 2], polymers  

[3] and glass [4] is of great interest for a variety of applications including biocatalysis, 

biosensors and formation of protein arrays for biological screening. Often, the platform is 

merely an inactive support for the biomolecule. Recent interest however, has advanced to 

attaching biomolecules directly to a transducer surface to allow in situ and real-time 

detection of enzymatic activity [5, 6].  

Surface plasmon resonance (SPR) is a versatile analytical method for real-time 

monitoring of interactions at a solid/liquid transducer surface. SPR uses the principle of 

total internal reflectance occurring at the interface between materials with differing 

refractive indices. An evanescent wave penetrates the interface (modified with a thin 

layer of gold) and couples with surface plasmons (oscillating free electrons). The 

interaction causes a change in reflectivity and a concurrent change in resonance angle, 

which correlates to the refractive index (RI) of the adjacent medium. The RI is therefore 

directly related to changes in surface concentration of interacting ligands. The change in 

RI is continuously monitored to produce a sensorgram of refractive index unit (RIU) as a 

function of time [7-9]. SPR has proven to be particularly useful for the analysis of 

biological systems and can be used for example, to determine kinetic parameters and 

reaction characteristics [9, 10]. SPR has been recently used to study enzymatic reactions 

on various surfaces and microarrays. Kim et al. [11] for example, performed enzymatic 

reactions on surface bound substrates and measured adsorbed enzyme concentrations and 

substrate cleavage rates by the use of combined SPR and surface-plasmon enhanced 

fluorescence techniques. SPR has also been demonstrated as a method for determining 
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the kinetics of surface enzyme reactions based on Langmuir adsorption and Michaelis–

Menten kinetics [12, 13]. SPR is adaptable to a wide range of biomolecular reactions as 

labelling of ligands or receptor molecules is not required. The use of SPR for biological 

systems however, generally requires the development of specific methods to attach 

biomolecules on the sensor surface and orient the molecules for optimal biological 

activity. Maintaining an interaction between biomolecules and the SPR waveguide 

surface generally requires covalent modification, which can change biological function 

and lower the catalytic activity as the orientation of the enzyme active site is hindered by 

attachment [14]. 

Recent studies have shown that silica formation can be catalyzed by simple 

peptides or proteins, such as lysozyme, in a silicification reaction analogous to the 

formation of silica in biological systems [15-18]. The lysozyme-precipitated silica 

nanoparticles proved suitable for immobilization of other enzymes. The silicification 

reaction yields a network of fused silica nanospheres, providing a high surface area for 

encapsulation and permitting high enzyme loading capacities [19]. We now report herein, 

a versatile method for immobilization of biomolecules directly onto a SPR transducer 

surface by encapsulating biomolecules within a lysozyme-mediated self-assembled layer 

of silica particles. The immobilization of lysozyme is based on non-specific physical 

adsorption of the protein to the gold SPR surface through a combination of electrostatic 

and surface interactions [20]. Non-specific binding will therefore result in the formation 

of a film of lysozyme upon the gold surface, which is then available to participate in the 

silicification reaction and direct the assembly of a layer of silica at the surface. Physical 



92 

 

adsorption generally causes little conformational change of the enzyme and no reagents 

or pretreatment and activation of the surface is required. A disadvantage is enzyme 

leaching during continuous use, as the binding is primarily due to weak hydrogen 

bonding and Van der Waals forces [21]. Previous literature reports however, indicate that 

lysozyme retains its tertiary structure when adsorbed to a hydrophilic interface, no 

significant denaturation occurs, and in addition, the binding is irreversible [22]. 

The fabrication of SPR chips, consisting of gold films coated with thin silicon 

dioxide layers has been recently reported [23]. The method however, involves vapor-

deposited silica layers that showed a lack of stability in aqueous buffer solutions and is 

unsuitable for enzyme immobilization. A sol–gel technique has been successfully applied 

to generate stable gold/silica interfaces, which allowed further functionalization but 

preparation required multi-step attachment using biotin and streptavidin binding 

chemistries [24]. The lysozyme-mediated silica formation described herein provides a 

method for coating a gold surface with a thin layer of silica particles, greatly increasing 

the surface area of the transducer. In addition, the silica provides a matrix for the 

encapsulation of additional biomolecules, significantly enhancing the functionality of the 

resulting silica layers by directing the attachment of immobilized biomolecules directly at 

the gold surface. 
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5.2 EXPERIMENTAL 

5.2.1 Enzymes and reagents 

Potassium phosphate buffer (0.1N NaOH, 0.1M KH2PO4, pH 8) was used 

throughout unless otherwise stated. Paraoxon was obtained from ChemService, West 

Chester, PA. All other reagents and chemicals were of analytical grade and obtained from 

Sigma–Aldrich (St. Louis, MO). Silicic acid was prepared as described previously [19]. 

Organophosphorus Hydrolase (OPH) was generously provided by James Wild and his 

research group (Texas A&M University). The enzyme purification method has been 

described previously [25]. 

 

5.2.2 Formation of silica nanoparticles on the gold surface 

The formation of silica particles was characterized by SPR using SPREETATM 

sensors (Texas Instruments) with two analysis channels. A gold surfaced SPR sensor 

module, and its supporting hardware and software (SPREETA, Texas Instruments) were 

coupled to a continuous-flow cell to allow contact with reaction solutions. Experimental 

setup and cleaning steps were performed as previously described [26]. The sensor was 

docked with the fluidics block and reference measurements were obtained with air and 

water as baseline measurements. An in situ washing step (0.12N NaOH, 1% Triton-X) 

was performed to ensure that the surface remained hydrophilic. A further baseline with 

phosphate buffer was taken as a reference measurement. Initially, lysozyme (1 mg/ml) 

was non-specifically adsorbed to the gold surface and any excess was removed by 

washing with phosphate buffer. Silicification was carried out in situ by introducing 
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TMOS (100mM tetramethyl orthosilicate in 1mM HCl) to the lysozyme-modified 

surface. This process was repeated with different lysozyme concentrations (5, 25 and 50 

mg/ml) to determine the optimum enzyme concentration. All immobilization procedures 

were performed at room temperature (~22 ◦C). Immobilization steps were monitored by 

measuring the change in refractive index (RI) as a function of time followed by 

integration using SPREETA software. Net responses were calculated by comparison of 

„working‟ and „control‟ channels. Calculations and statistical analysis were performed 

with OriginPro 7.5 software (OriginLab Corporation, Massachusetts, USA). 

 

5.2.3 Calculation of adlayer thickness and surface coverage 

The adlayer thickness and surface coverage of each monolayer was calculated 

using the formula described by Jung et al [27, 28]; da = (ld/2)×[(neff −nb)/(na −nb)], where 

da is the thickness of the adlayer, ld the characteristic decay length of an evanescent wave 

at 307 nm, neff the effective RI of the adlayer (from the SPR signal), nb the RI of the 

buffer (from reference reading), and na is the RI of the adlayer material assuming an RI of 

1.57 for protein and an RI of 1.43 for biosilica [29]. 

 

5.2.4 Enzyme assay for immobilized organophosphate hydrolase activity 

OPH was encapsulated within the silica matrix by adapting the method described 

above. The initial protein monolayer was established using a solution of 25 mg/ml 

lysozyme to coat the SPR surface. A solution of 100mM TMOS containing OPH was 

then passed over the surface for approximately 45 min to yield the silica layer and co-
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encapsulate OPH during the silicification reaction. The SPR surface was rinsed 

thoroughly with buffer to remove any loosely associated enzyme and silica prior to 

further analysis. Enzyme activity was determined by measuring the hydrolysis of 

paraoxon as described previously [30]. Paraoxon (1–500 µM) was circulated across the 

surface at a flow rate of 100 µl/min for 2 min. Enzyme activity was determined by 

collecting 200 µl of the paraoxon hydrolysis product (p-nitrophenol). The absorbance of 

the hydrolysis product was measured at 405 nm using a UV–vis fiber optic 

spectrophotometer (Ocean Optics Inc., Dunedin, FL). 

 

5.2.5 Scanning electron microscopy 

For scanning electron microscopy imaging, glass slides coated with a chromium 

adhesion layer (~2 nm) followed by ~50 nm gold film were used. The gold slides were 

cleaned with freshly prepared piranha solution (3:1, H2SO4 and H2O2. Caution: Piranha 

solution is dangerous and should be handled with care) followed by thorough rinsing with 

DI water. The slides were then sonicated in acetone (5 min), rinsed with DI water, and 

sonicated in ethanol (5 min) before plasma cleaning in air (5 min). The slides were 

prepared as described above with a range of lysozyme concentrations, followed by silica 

formation in the presence of 100mMTMOS.The samples were then coated with a thin 

layer of gold (~10 nm) and imaged using a JEOL JSM 7000F field emission scanning 

electron microscope (JEOL USA, Inc., Peabody, MA). 
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5.3 RESULTS AND DISCUSSION 

5.3.1 SPR analysis of lysozyme and silica nanocomposite films 

SPR spectroscopy revealed rapid adsorption of lysozyme to the gold waveguide 

surface (Figure 5-1a). The change in surface density results in small changes in RI at the 

interface and a corresponding shift in the resonance angle. Upon introduction of 

lysozyme, an initial rapid signal increase was observed and was attributed to the change 

in the bulk refractive index of the circulating solution. The change in RI then increased 

gradually, corresponding to the adsorption of lysozyme to the gold surface. Surface 

saturation was indicated by a plateau in the RI signal. The decrease in the RI during the 

wash step was due to removal of unbound lysozyme. The RI signal change increased 

linearly with higher protein concentrations (Figure 5-1b). The lysozyme adlayer also 

thickened with increasing lysozyme concentration but showed a plateau at 25 and 50 

mg/ml (Table 1), indicating that the gold surface was saturated at high protein 

concentrations. The surface coverage of lysozyme was calculated and revealed a 

maximum surface concentration of ~2.6 ng/mm2 (~1.10×10
11

 molecules/mm
2
) and a 

maximum film thickness of ~2 nm (±0.047) (Table 1). The measured maximum coverage 

of lysozyme at saturation is in agreement with the theoretical surface density for a 

monolayer of lysozyme (1.8–2.7 ng/mm
2
), based on a protein with a molecular mass of 

14 kDa and dimensions of 4.5 nm×3.0 nm×3.0 nm [20, 21]. SEM images of the 

monolayer showed a glass-like film of lysozyme across the surface of the waveguide 

(Figure 5-2a). 
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Figure 5-1: (a) SPR spectroscopy response showing the binding of lysozyme and 

formation of silica at the SPR surface. Sensorgram shows addition of 25 mg/ml 

lysozyme, followed by washing. 100mM TMOS was added as a precursor for silica 

formation. (b) Formation of lysozyme-mediated silica coating on gold. SPR response 
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of lysozyme deposited to the gold surface at a range of concentrations: 1 mg/ml 

(curve a), 5 mg/ml (curve b), 25 mg/ml (curve c) and 50 mg/ml (curve d). Addition of 

TMOS (100mM) is indicated by an arrow. 

The bound lysozyme molecules mediated the formation of a silica adlayer in situ. 

Introduction of a solution of TMOS caused a rapid increase in RI, indicating changes in 

surface refraction consistent with the formation of a second distinct adlayer of silica 

(Figure 5-1b). The reaction was rapid and approximately 90% of silica formation 

occurred within the first minutes of contact. Washing the silica layer with buffer did not 

decrease the signal significantly, indicating that the silica was firmly attached to the 

surface. The change in the RI was used to calculate the deposition characteristics of the 

silica particles. The maximum thickness of the layer was calculated to be ~6.6 nm (Table 

5-1). 

 

Table 5-1. Effect of lysozyme concentration on thickness of lysozyme and silica 

adlayers 

The thickness of the silica layer did not increase following a second injection of 

TMOS suggesting that the surface was saturated with silica and conditions were not 

substrate limited. SEM analysis confirmed the formation of an interconnected, dense 

coating of silica nanospheres formed upon the gold surface. At low concentrations of 
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lysozyme, a scattered deposition of silica was observed with silica particles having an 

average size ~10 nm (Figure 5-2). When lysozyme was present in excess, however, dense 

coatings of interconnected aggregates of much larger silica particles (~230 nm) formed in 

addition to the initial monolayer of silica nanospheres (Figure 5-2c and d). In aqueous 

static suspensions, lysozyme forms silica spheres of approximately 570 nm diameter [15]. 

The reduction in size of the silica particles observed here is attributed the formation of 

the silica particles under continuous flow conditions. Silica spheres are the lowest free 

energy structure formed in a static environment, but application of a dynamic flow will 

affect the formation and aggregation of silica.  

 

Figure 5-2: SEM images of silica-encapsulated OPH at the SPR surface. Gold 

surface modified with (a) lysozyme (25 mg/ml); (b) lysozyme (1 mg/ml) with 100mM 

TMOS; (c) lysozyme (5 mg/ml) with 100mM TMOS; (d) lysozyme (25 mg/ml) with 

100mM TMOS; (e) lysozyme (25 mg/ml) with 100mM TMOS and OPH (0.1 mg/ml). 
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Even though the SEM shows the size of the nanoparticle as 230 nm the thickness 

measured by SPR for the silica layer is significantly less (~7 nm). The results are 

consistent with the immediate formation of a thin film of silica directly at the surface 

which provides a template for subsequent formation of larger silica particles, as observed 

for many silicification reactions [31]. The surface plasmon resonance phenomenon 

occurs at the metal–liquid interface and is highly sensitive to specific interactions at the 

interface which may be on the order of only a few nanometers. Although a generated 

evanescent wave can travel up to ~300 nm in the z direction [27], the medium beyond the 

interface will affect the observed RI. The inability to see the depth of the whole silica 

structure using SPR in the present work is in agreement with previous literature reports 

where silica layers of greater than 44 nm did not show significant SPR response [23]. 

The lysozyme is presumably attached at the surface in an orientation which does 

not diminish its ability to mediate silica formation. Variations in TMOS concentration 

may theoretically affect the thickness of the silica layer. Preliminary control experiments 

in static suspensions however, revealed that silica formation does not occur if the TMOS 

concentration is below 25mM (data not shown), accordingly, silica adlayer formation was 

not investigated at lower precursor concentrations. In control experiments, no formation 

of silica particles was observed in the absence of lysozyme. Bovine serum albumin 

(BSA) adsorbed to the gold surface but did not precipitate silica in the presence of 

TMOS, confirming that lysozyme is integral to the silica formation at the surface (data 

not shown). 
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5.3.2 Encapsulation of organophosphate hydrolase 

The further biofunctionalization of the silica particles at the surface was 

investigated using organophosphate Hydrolase (OPH) as a model system. The gold 

surface was saturated with lysozyme as defined above and used to mediate the formation 

of silica particles containing various concentrations of OPH. The silica particles formed 

on the gold surface as described above and examination using SEM clearly showed that 

the surface was coated with a film of evenly distributed spheres (Figure 5-2e). The 

addition of OPH to the hydrolyzed TMOS solution did not result in any significant 

changes in the morphology of the silica surface (Figure 5-2d and e). OPH encapsulated 

within the silica coating maintains activity, confirmed by the hydrolysis of paraoxon and 

the activity of OPH correlates with protein concentrations used in the encapsulation step 

(Figure 5-3a). The kinetic parameters of the encapsulated enzyme were determined by 

contacting the encapsulated enzyme at the surface with paraoxon at a range of 

concentrations. 

At low concentrations of paraoxon (20–100 µM), the silica-encapsulated OPH 

shows a linear response (Figure 5-3a) but enzyme activity becomes saturated at paraoxon 

concentrations above 300µM (Figure 5-3b). A reproducible detection limit of 20µM 

paraoxon was achieved with OPH concentrations greater than 0.05 mg/ml. A decrease in 

the concentration of encapsulated OPH resulted in a proportional reduction in detection 

sensitivity. The kinetic parameters of the encapsulated OPH (Km = 0.09(±0.022)) were 

determined (Figure 5-3b) and are in good agreement with the kinetics of OPH in solution 
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[32] indicating that immobilization of OPH in silica does not significantly hinder the 

mass transport of substrate. 
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Figure 5-3: Paraoxon hydrolysis by silica-encapsulated organophosphate Hydrolase 

immobilized to the SPR surface. (a) Hydrolase activity in relation to OPH 

concentrations present during silicification step at a range of substrate 

concentrations. (b) Michaelis–Menten plot of immobilized OPH (0.5 mg/ml during 

silicification) to reveal maximal velocity of reaction. 

5.4 CONCLUSION 

The formation of silica using lysozyme precipitation provides a simple and rapid 

method for the deposition of silica films directly to a gold surface. The silica layer proved 

sufficiently stable under continuous flow conditions to allow measurement of enzyme 

kinetic parameters. The silica deposition and surface immobilization of OPH 

demonstrated in this study provides a model system with potential application to a range 

of formats. The surface encapsulated OPH could be reused continually for over 2 days, 

but lost activity gradually over the time period, concurrent with a loss of silica film 

thickness (data not shown). The immobilization efficiency and stability achieved were 

sufficient for demonstrating the concept, but further analysis of the silica coating is 

required to optimize the approach. The formation of a silica layer on the gold surface 

significantly increases the surface area at the transducer interface and potentially 

enhances the sensitivity of SPR spectroscopy applications [33]. The silica layer also 

proved suitable for encapsulation of OPH and the immobilized enzyme retained activity 

over a period of several hours, providing accurate and reproducible measurements of 

immobilized enzyme kinetics. The immobilization technique described provides a 

versatile method for enzyme encapsulation that selectively immobilizes proteins directly 
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on a transducer surface with no requirement for surface modification before 

immobilization. OPH is not directly tethered to the SPR surface, which may limit any 

restriction in the orientation of the active site, as often observed when enzymes are 

covalent attached to a surface. 

The approach may lead to development of a versatile method for the 

immobilization of enzymes on an SPR transducer surface that might be applied to 

biosensors or protein microarrays [34-36]. In addition, the methodology developed for 

OPH immobilization on the gold surface may be applied to other electrochemical 

detection platforms. 
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6. SURFACE PLASMON RESONANCE INVESTIGATION OF 

SITE-ORIENTED PROTEIN BINDING ON THE GOLD SENSOR 

SURFACE 
 

6.1 INTRODUCTION

Enzyme activity can be directly associated with sensor performance. If the active 

site is hindered, maximal enzyme activity cannot be attained. Therefore, oriented 

immobilization of enzymes plays a vital role when immobilizing enzymes onto solid 

supports. Oriented-immobilization provides insight into enzyme function and stability 

which are vital factors for enzyme-based biosensors [1-4]. Organophosphorus hydrolase 

(OPH) has been used extensively as a biocatalyst for development of biosensors to detect 

organophosphate neurotoxins [5-11]. For sensitive and specific detection of 

organophosphates, the binding and orientation of OPH on the sensor surface is of 

paramount importance. The current study investigates the relationship between the 

orientation of the OPH molecule on the sensor surface and its activity. To achieve this, 

linear peptides representing surface regions of OPH were used to create antipeptide 

antibodies which targeted different regions of OPH. One antibody (Ab#1) targets a region 

very near to the active site of the enzyme and the other two (Ab#2 and Ab#3) bind at 

regions away from the active site. It is predicted that binding near the active site would 

anchor the OPH molecule in a “face down” orientation, thus limiting active site access. 

Identifying the antipeptide antibodies which yield a surface with maximal activity allows 
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for evaluation of the impact that oriented immobilization may have on sensor sensitivity. 

Surface Plasmon Resonance was used to study the binding kinetics between OPH and the 

antibodies. All the experiments were performed using a commercially available SPR 

sensor (SPREETA™). The antibody (Ab#2) was investigated first since it allows better 

orientation of OPH for maximum accessibility to substrate. Rabbit anti-chicken IgG and 

Protein-G were utilized to properly bind the antibody on the gold surface. The 

dissociation constants of the OPH-antibody complexes were calculated. These studies 

have provided us with more detailed information on the orientation of immobilized OPH. 

In addition, it has enabled development of better surface immobilization of OPH on 

sensor surfaces for biosensor applications. 

 

6.2 EXPERIMENTAL  

6.2.1 Materials  

Protein G was purchased from Pierce, Rockford, IL and BSA was obtained from 

Fisher Scientific, Suwanee, GA. The rabbit anti-chicken IgG was purchased from Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA. Purified OPH and the chicken 

anti-OPH were provided by J. Wild‟s group, Texas A&M University, College Station, 

TX. Paraoxon was purchased from ChemService, Inc., West Chester, PA. The buffer was 

prepared using water generated from Millipore Direct-Q Water system (Resistivity, 18 

MΩ/cm
2
). All the samples were prepared in 0.01M PBS (0.138M NaCl, 0.0027M KCl) 

pH 7.4 buffer. 
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6.2.2 Antibody Binding Regions on OPH 

Three different antibodies (Ab#1, Ab#2, and Ab#3) were made against OPH in 

chicken. The binding regions of these antibodies on OPH surface is shown in the Figure 

6-1. The red region indicates the binding region of Ab#1 and the blue indicate the region 

where Ab#2 and Ab#3 bind. The yellow denotes the active site of the enzyme.  

 

Figure 6-1: Antibody binding epitopes on OPH 

Because Ab#1 binds very near to the active site of OPH, we suspect that when 

OPH is bound to any surface through this particular antibody, it anchors the molecule 

down i.e. it restricts the free entry of substrate to the active site. Therefore the activity of 

OPH would be expected to be less when compared to the binding through Ab#2 and 

Ab#3 which bind away from the active site rendering flexibility for the entry of the 

substrate (Figure 6-2).  
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Figure 6-2: Effect of orientation of OPH on kinetic behavior 

6.2.3 Binding constant calculation 

Binding constants were accomplished using SPR on a Seattle instrument at room 

temperature. The following figure (Figure 6-3) shows the sequence of formation of the 

sensing layer on the SPREERA surface to determine the binding constant of the three 

antibodies towards OPH. Because these antibodies were made against chicken, Protein G 

could not be used directly to orient the antibodies on the surface. Therefore to accomplish 

this, secondary rabbit anti-chicken antibodies were used for proper orientation of the 

primary antibodies on the sensor surface. BSA was used for non-specific blocking. 

 

Figure 6-3: Sequence of binding layer construction on sensor surface 
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6.2.4 SPREETA Preparation 

The sensor surface was cleaned with piranha solution followed by rinsing and 

sonication with Milli-Q water. The sensor was then initialized in air and water, followed 

by in-situ cleaning with NaOH-TritonX. After establishing a baseline with PBS, Protein 

G (0.1mg/ml) was non-specifically adsorbed on the gold surface. BSA (1 mg/ml) and 

PBS-Tween was used to block remaining sites, followed by specific immobilization of 

rabbit anti-chicken antibody. The primary antibody (Ab#1, Ab#2 or Ab#3) was 

introduced only in the working channel and PBS in the control channel. Varying 

concentrations of OPH (4.74E-11 - 2.8E-06 M) were introduced though both channels. 

Known concentrations of paraoxon were introduced to determine the activity of the 

immobilized OPH. 

 

6.2.5 Calculation of adlayer thickness and surface coverage 

The adlayer thickness and surface coverage of each monolayer was calculated 

using the formula described by [12, 13]; da = (ld/2)×[(neff −nb)/(na −nb)], where da is the 

thickness of the adlayer, ld the characteristic decay length of an evanescent wave at 307 

nm, neff the effective RI of the adlayer (from the SPR signal), nb the RI of the buffer 

(from reference reading), and na is the RI of the adlayer material assuming an RI of 1.57 

for proteins. The surface coverage (g/mm
2
) = da× density (~1.3×10

-3
 g/mm

3
) and surface 

coverage (molecules/mm
2
) = [surface coverage (g/mm

2
) × Avagadro number]/ Mol. Wt. 
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6.2.6 Immobilized Enzyme Activity 

Paraoxon, 0.0106-0.53 mM, was circulated across the surface at a flow rate of 

105µl/min for 2 min.  Activity was measured by collecting 200 µl of flow through, 

measuring the absorbance of p-nitrophenol thus formed at 405nm, after the two minute 

circulation. Absorbance change was recorded using a 2100 Ultrospec Pro UV-vis 

spectrophotometer. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Binding constants  

A 1:1
 
complex model was assumed for calculation of the dissociation

 
constants 

for all three antibodies. Response curves for all antibodies were obtained and results 

presented in Table 6-1. The affinity of OPH towards Ab#2 was higher when compared to 

the other two antibodies. 

 

Table 6-1: Dissociation constants for the OPH antibodies 
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6.3.2 Kinetics of immobilized OPH 

From the real time sensorgram of the surface construction, the surface coverage of 

the antibodies and OPH was calculated (Table 6-2).  

 

Table 6-2: Surface coverage of OPH and Anti-OPH 

OPH bound through Ab#1 covers the sensor surface resulting in only 72 % as 

many OPH molecules immobilized though Ab#2 on the surface. The Michaelis-Menton 

plot was constructed for the activity data and as expected the activity of OPH bound 

through Ab#2 and Ab#3 was higher when compared to Ab#1 (Figure 6-4). The specific 

activity per mm
2
 of immobilized OPH is 7.5E-14, 1.1E-13 and 3.2E-13 μmol/sec for 

Ab#1, Ab#2 and Ab#3 respectively at a paraoxon concentration of 0.106 mM. 
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Figure 6-4: Activity of OPH immobilized through antipeptide antibodies 

6.4 CONCLUSION 

In this study, OPH was immobilized on the sensor surface through antipeptide 

antibodies and it was demonstrated that maximal activity of OPH can be obtained 

through site-specific orientation thereby yielding higher sensitivity of detection. The 

OPH antibodies created for this study were not stable for long periods of time and did not 

have very high affinity. Therefore, in the future improved sensor performance can be 

achieved by synthesizing higher affinity antipeptide antibodies. 
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7. ORIENTATION-SPECIFIC ATTACHMENT OF 

ORGANOPHOSPHORUS HYDROLASE ON BIOSENSOR 

SURFACES 

 

7.1 INTRODUCTION 

By choosing an appropriate enzyme with well defined interactions with 

organophosphorus compounds, decontamination and biosensor applications can be 

afforded both high specificity and high sensitivity. Organophosphorus hydrolase (OPH) 

is an enzyme capable of degrading a wide array of organophosphate pesticides and nerve 

agents [1-7] and this ability makes it ideal for many detection and decontamination 

purposes. 

Several approaches are available when immobilizing enzymes in decontamination 

and detection applications, the simplest being a mixture.  OPH has been successfully used 

to decontaminate surfaces when incorporated in fire fighting foams and latex paints [8, 

9]. This strategy circumvents the problems of using caustic agents on large areas.  

Slightly more complicated, but still requiring no modification of the enzyme, is 

entrapment.  Encapsulation of the enzyme in murine erythrocytes by hypotonic dialysis 

has been shown to be successful at degrading pesticides [10]. An optical technique 

utilizing poly(ethylene glycol) hydrogel-encapsulated OPH was able to detect paraoxon 

at levels as low as 16 nM (0.004 ppm) using pH sensitive seminapthofluorescein 
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(SNAFL) [11].  Cryoimmobilization of E. coli cells expressing OPH have been used to 

detect paraoxon as low as 1×10
3
 nM (0.25 ppm) using a potentiometer biosensor [12].   

Other slightly more sophisticated methods of immobilizing OPH, yet still non-

covalent, include using self assembled chitosan/poly(thiophene-3-acetic acid) layers 

allowed for the detection of paraoxon at levels as low as 1.0 nM [13]. Concentrations as 

low as 0.028 nM (7 ppt) paraoxon have been detected using OPH-cellulose binding 

domain fusions proteins, and is reported to retain similar kinetic characteristics as the free 

enzyme when immobilized [14]. Although entrapment and non-covalent attachment offer 

ease of construction for decontamination or detection surfaces, the ideal surface would be 

durable and reusable.  It is these features which make covalent attachment the most 

desirable.  The studies mentioned above were predominantly non-covalent, relying on 

hydrophobic interactions, electrostatic attractions, or physical containment to immobilize 

an enzymatic fraction, whether whole cells or purified enzymes.   

Covalent attachment relies on chemical modification of side chains exposed at the 

enzyme‟s surface. Cystamine-glutaraldehyde immobilization has been used in an 

amperometric detection system [15, 16], relying on the detection of pH change resulting 

from the release of protons when OPH hydrolyses substrates. OPH has been immobilized 

in photosensitive polyethylene glycol (PEG) gels, which employs both covalent 

attachment and physical entrapment [17].  The reversible inhibition of OPH has been 

utilized for the development of an optical sensor that detects substrate binding and not 

hydrolysis of target compounds [18].  In this system, purified enzyme is immobilized on 

a glass surface through glutaraldehyde activation of lysines.  Introduction of a substrate 
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results in the competitive displacement of the porphyrin bound in the active site and the 

change in the porphyrin absorption spectrum was observed.    

Immobilization strategies are as varied as the intended applications and all will 

have advantages and disadvantages that would preclude the use of a single technique.  A 

recent extensive review details the use of OPH, as well as other enzymes, in biomaterials 

for detection and decontamination of chemical warfare agents [19].  To address the issue 

of efficiency of the immobilized enzyme, this study presents a method to further refine 

surface construction by the orientation-specific attachment of OPH.  Such attachment 

should facilitate movement of substrates and products to and from the active site as well 

as prevent restriction of secondary structure near the active site. 

 

7.2 EXPERIMENTAL 

7.2.1 Variant design 

To aid in the selection of residues for substitution, two methods were employed to 

calculate solvent accessibility of the lysine residues from the 1DPM PDB file.  First, 

parameter optimized surfaces analysis (POPS) was used to calculate an approximation of 

area of the first solvation shell for each lysine residue [20].  Secondly, pfis calculations 

were performed to determine the degree of burial, specifically of the ζ-N, of each lysine 

residue [21]. 

 

7.2.2 Site directed mutagenesis 

The pUC19 plasmid containing the wild type gene (pOP419) [7] was used as the 

template, and OPH mutation was made with the QuickChange
TM

 site-directed 
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mutagenesis kit (Stratagene, LaJolla, CA).  Non-homologous, non-overlapping primers 

were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA) and used for the 

mutagenesis reactions. The primers used to construct the variant were 5‟ 

aaagggggtcgcgcagcctgtggtc 3‟, 5‟ gaccacaggctgcgcgaccccctttca 3.   The mutated plasmids 

were sequenced to ensure the fidelity of the PCR reactions. Electrophoretic separation 

and analysis was performed by the Gene Technology Laboratory of Texas A&M 

University, the resulting sequence data was analyzed with Vector NTI software 

(Stratagene, LaJolla, CA). 

 

7.2.3 Enzyme purification & biotinylation 

Enzymes were purified as previously described [22]. Purified enzymes were 

concentrated to greater than 1 mg/ml for storage at 4 °C in the final column buffer (10 

mM KPO4, 20 mM KCl, 50 µM CoCl2, pH 8.3).  Protein concentration was determined 

by using an extinction coefficient of 58,000 M
-1

cm
-1

, when measuring absorbance at 280 

nm.  Purity was verified by SDS-PAGE. 

Enzymes WT and K175A (1 mg/ml) were incubated with equal concentrations of 

Biotin (Pierce, Rockford, IL) in 5% DMSO, 10 mM KPO4 pH 8.3 overnight on a shaker 

at 4 ºC. Unbound biotin was removed by overnight dialysis against 500mL, 10 mM KPO4 

(pH 8.3) at 4 ºC. 

 

7.2.4 Enzyme activity assay 

Substrates used in this study were paraoxon and demeton-S (ChemService) and 

the free thiol reporter for the demeton-S assays was 2,2' Dithiodipyridine (2,2' TP).  
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Michaelis constants (KM) and the catalytic rates (kcat) for paraoxon and demeton-S were 

determined by performing enzymatic assays with varying concentrations of substrate and 

constant enzyme concentrations. The activity of the biotinylated enzymes was measured 

in a similar fashion with paraoxon as the substrate.  

Paraoxon hydrolysis was followed by measuring the appearance of the p-

nitrophenol anion at 400 nm (ε = 17, 000 M
-1

cm
-1

) in 20 mM CHES (pH 9.0) at 25 °C, 

and initial velocities were calculated and fit to the Michaelis-Menten equation, allowing 

for substrate inhibition (Eq 1).  

       
))1((

max

iK
S

SK

SV
ov

M

    (1) 

Demeton-S hydrolysis was followed by the appearance of the 2,2' TP anion at 343 

nm (ε = 7,060 M
-1

cm
-1

) in tripart buffer, pH 8.0 [23] and initial velocities were calculated 

and fit to the Michaelis-Menten (Eq 2). 
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7.2.5 SPREETA preparation and sensing layer construction 

The sensor surface was cleaned with piranha solution (3:1 mixture of sulfuric acid 

and 30% hydrogen peroxide, Note- Extreme caution has to be taken while handling 

piranha, it is a very strong oxidant and reacts violently with organic matter) followed by 

rinsing and sonication with Milli-Q water. The sensor was then initialized in air and 

water, followed by in-situ cleaning with NaOH-TritonX.  After establishing a baseline 

with PBS, neutra-avidin (1mg/ml) was non-specifically adsorbed on the gold surface. 



125 

 

BSA (1 mg/ml) was used to block the remaining sites, followed by specific 

immobilization of biotinylated enzymes (WT, K175A – 1 mg/ml). 

 

7.2.6 Calculation of surface coverage 

 The amount of enzyme covering the surface of the sensor was calculated using the 

equations described by (Eq. 3 and 4) [24, 25]. The thickness of the adsorbed layer (ad-

layer) is calculated using;  

   )()
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beffd

a
nn

nnl
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where da is the thickness of the ad-layer, ld is the characteristic decay length of an 

evanescent wave at 307nm, neff is the effective RI of the ad-layer (from SPR signal), nb is 

the RI of the buffer (1.333) and na   is the RI of the proteins, 1.57. Surface coverage is 

calculated using the thickness and density of the protein;  
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7.2.7 Immobilized enzyme activity 

Paraoxon, 0.048-0.462 mM, was circulated across the surface using a flow rate of 

100 µl/min for 2 min.  Activity was determined by collecting 200 µl of the flow through 

and measuring the absorbance at 405 nm of the p-nitrophenol product. 
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7.3 RESULTS 

7.3.1 Structural analysis 

There are eight lysines per monomer in OPH. Of these, K169 is carboxylated and 

buried in the active site where it serves as a bridging ligand for the binuclear metal 

center.  K82 is a surface residue; however, the ζ-N is only partially exposed.  The 

remaining lysines are accessible and are the more probable attachment sites. Parameter 

optimized surfaces analysis (POPS) of the 1dpm PDB structure (Table 7-1) shows that 

K175 has 209.6 square angstroms of solvent accessible surface area (SASA) [20]. The 

percent burial of the ζ-N of K175 was calculated by pfis to be -8.2%, indicating a 

completely exposed side chain [21].  In cases of extremely exposed side chains in a 

protein, the algorithm can calculate negative values, which result from using the model 

tripeptide, Gly-X-Gly to represent a fully exposed side chain.  Taken together, these data 

suggest that K175 should be the most likely residue for a biotinylation site, having a large 

amount of solvent exposed surface area and an exposed ζ-N, indicating the side chain is 

perpendicular to the enzyme surface. 
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Table 7-1: Solvent accessible surface area of OPH lysine residues in square 

angstroms 

7.3.2 Enzyme activity in solution  

The K175A variant is kinetically similar to wild type in solution assays, having a 

kcat of 3100 s
-1

 and KM of 0.05 mM giving a catalytic efficiency of 6.2 ×10
7
 compared to 1 

×10
8
 for the wild type.  It is more susceptible to substrate inhibition, with a KI of 6.1 mM 

versus 17 mM for the wild type.  With demeton-S, K175A has a kcat of 2 s
-1

 and KM of 3.1 

mM giving a catalytic efficiency of 558 compared to 870 for the wild type, which has a 

kcat of 35 s
-1

 and a KM of 0.04 mM.  

 

7.3.3 Surface construction and immobilized activity 

From the real time sensorgram of the surface construction (Figure 7-1), the 

surface coverage of the enzymes was calculated.  K175A covers the sensor surface at 

1.8×10
10

 ± 9.2×10
8
 mm

-2
 and the WT covers the surface at a concentration of 2.16×10

10
 ± 
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7.3×10
8
 mm

-2
, resulting in only 83% as many K175A molecules immobilized on the 

surface.  The specific activity per mm
2
 of immobilized K175A is 5.22×10

-15
 ± 2.8×10

-16
 

μmol×s
-1

 and the WT is 4.30×10
-15

 ± 1.3×10
-16

 μmol×s
-1

 at a paraoxon concentration of 

0.05 mM. 

 

Figure 7-1:  SPR sensorgram of surface assembly 

7.3.4 Comparison of enzyme activity on surface and in solution 

The activity of the biotinylated WT and K175A was measured both in solution 

and on the surface. The kinetic constants were determined using a Michaelis-Menton plot 

of initial reaction rates of free or immobilized enzyme (Table 7-2). The biotinylated WT 

has ~ 48% more activity in solution than K175A (Figure 7-2) while when attached to the 

surface, the activity of K175A was found to be 18% higher than the WT enzyme.  
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Table 7-2:  Kinetic constants for the immobilized and bulk enzymes 

 

Figure 7-2: M-M plot for biotinylated WT and K175A in solution 

A calibration graph (Figure 7-3) for the activity of the immobilized enzymes 

against the paraoxon concentration was obtained. A linear model was fit to the KA (Y= 

6.4×10
-16

 + 9.2×10
-14

 * X, R = 0.9979) and WT (Y = 6.9×10
-16

 + 6.9×10
-14

 * X, R = 
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0.9996) data. This confirms the hypothesis that the removal of K175 lysine leads to 

increased accessibility of the substrate to and from the active site, thereby increasing the 

catalytic efficiency of the enzyme. 

 

Figure 7-3: Activity of biotinylated WT and K175A on surface 

7.4 DISCUSSION 

 Biotin forms an amide bond with the ζ-N of solvent exposed lysine side chains 

(Figure 8-4).  Ordering the lysine residues based on solvent accessible surface areas and 

the degree of exposure of the ζ-N allows a comparison of the likelihood any given side 

chain will be biotinylated.  The more solvent accessible surface area (SASA) and more 

exposed the ζ-N, the higher probability of biotinylation.  The most exposed surface lysine 

in OPH is K175.  Its proximity to the active site could conceivably inhibit the movement 

of substrates and products in and out of the active site if the enzyme were immobilized 

through this side chain in an essentially “face down” manner.   
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Figure 7-4: A. Solvent exposed lysine side chains of OPH. K175 is shown in green, 

others in red. B. The active site is shown in yellow to show the proximity to K175 

The activity of K175A is 18% greater than that of the WT enzyme after 

immobilization on a surface, when the number of protein molecules per mm
2
 is taken into 

account.  The increased efficiency could be the result of orientation, whereby the active 

site is facing the bulk solvent. Alternatively, increased flexibility in the secondary 

structure near the active site, by not being immobilized through residue 175, could allow 

for a more efficient enzyme on a surface. 

 

7.5 CONCLUSION 

In conclusion, the orientation-specific attachment of an enzyme, 

Organophosphorus Hydrolase was studied for biosensor applications. A substitution in 

the wild-type enzyme led to a higher catalytic efficiency of the enzyme when surface 

attached, as determined by SPR. By selectively removing attachment sites, in this case a 

lysine, from the protein surface, the enzyme molecules can be site-specifically attached, 

and thus, the orientation of the protein molecules on the surface can be controlled. In 

addition, these studies highlight the loss of activity that is often observed with covalent 

modification. 
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8. COVALENT IMMOBILIZATION OF 

ORGANOPHOSPHORUS HYDROLASE ON CARBON 

NANOTUBES FOR ELECTROCHEMICAL BIOSENSOR 

APPLICATIONS 

 

8.1 INTRODUCTION 

Recent advances in the area of nanotechnology have provided a new platform for 

the development of novel biosensors using carbon nanotubes. Carbon nanotubes (CNTs) 

are thin cylinders of carbon tubes which were discovered in 1991 by S. Iijima. Since then 

they have been a subject of enormous interest. Based on their structural properties there 

are two types of carbon nanotubes: single-walled nanotubes (SWNTs) and multi-walled 

nanotubes (MWNTs).  SWNTs consist of a single graphene sheet rolled into a seamless 

tube of typically 1-2 nm diameter and several microns in length. MWNTs consist of 

several graphite sheets rolled into concentric tubes, typically 2-50 nm diameter and with 

tube length extending up to several microns. Depending on the manner the graphene 

sheet is rolled up, the nanotubes are classified as either having a zigzag, armchair or a 

chiral structure. 

CNTs have been synthesized using various techniques, the most common being 

arc discharge, laser ablation and chemical vapor deposition.  An important aspect of large 

scale synthesis of CNTs is its purification. They contain amorphous carbon, metal 

residues and smaller fullerenes as impurities which interfere with the properties of CNTs. 

Several methods like acid treatment, oxidation, ultrasonication, ferromagnetic separation, 
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annealing and chromatographic separation have been used to remove the impurities 

without altering the structure of the nanotubes. These nanotubes display remarkable 

mechanical, chemical and electrical properties. Based on their helicity, these nanotubes 

can either be conducting, semi-conducting or insulating. CNTs offer several advantages 

for sensing applications: higher surface area [1] for immobilization and higher sensitivity. 

They have been used because of its strong electrocatalytic activity and the ability of 

reducing surface fouling effects on sensor surfaces [2, 3].  

Both single-walled carbon nanotubes (SWNTs) and multi-walled carbon 

nanotubes (MWNTs) display unique properties and have been recognized as attractive 

building blocks for numerous technological innovations in the fields of molecular and 

opto electronics [4-6], field-emission devices [7], components in high-performance 

composites [8-10], sensors [11-13] and energy storage [14]. The application of carbon 

nanotubes (CNTs) greatly depend on the critical control of their chemistry. Partial 

oxidation, side-wall functionalization, filling of inter-tubular spacing with “guest” 

species, physical and chemical functionalization are some of the routes commonly 

employed to modify the chemical nature of CNTs. Dai and coworkers [15] first 

demonstrated that adsorption of gas molecules on SWNT induces a large change in their 

conduction. This has led to the construction of myriad of sensors using CNTs for NH3, 

CO, CO2, H2O and C2H5OH detection. By specific functionalization of CNTs with metal 

nanoparticles and conjugated polymers, rational chemical sensing was achieved due to 

molecular selectivity.  

 CNT functionalization (both covalent and non-covalent) with biological 

molecules has not only overcome the lack of CNT solubility in aqueous solutions but also 
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enabled sensing of physiologically important biological material (DNA, proteins and 

carbohydrates). Favorable molecular interactions between these macromolecules and 

CNTs were subsequently utilized for successful separation of SWNTs based on chirality 

which is critical for exploitation of SWNTs unique properties. For biosensors, recent 

reports in literature have shown two different methods for the immobilization of 

biological species to nanotubes: covalent and non-covalent immobilization. A common 

technique to incorporate biomolecules is through covalent functionalization of the CNTs 

which enables chemical bonding between the CNTs and the material of interest. This has 

been achieved through different conjugation strategies with the use of proper coupling 

agents. Besteman et al. [16] have demonstrated the first biosensor based on individual 

SWNTs. In the paper they demonstrated that the immobilization of glucose oxidase on 

CNTs decreases the conductance, which can be attributed to a change in the total 

capacitance of the tube rather than a simple electrostatic interpretation. Lin et al.  [17] 

described a glucose biosensor in which the enzyme glucose oxidase was covalently 

immobilized on CNTs via carbodiimide by forming amide linkages between amine 

residues and carboxylic acid groups on the CNTs tips. They illustrated that catalytic 

reduction of hydrogen peroxide liberated from the enzymatic reaction of glucose oxidase 

lead to the selective detection of glucose.  

 Here, we report electrochemical-based biosensing of organophosphates using 

covalently functionalized OPH on CNTs. CNTs were used both as a support for the 

immobilization of OPH and also for the amplification of the electrochemical signal of p-

nitrophenol. Two different approaches for OPH immobilization are described. The first 

approach involves formation of a peptide bond via EDC/NHS by direct coupling of lysine 
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residues present on the surface of OPH with carboxylic groups, generated by acid 

oxidation of CNTs. .The second approach involves crosslinking OPH with the amine 

groups generated on CNTs through APTES via gluteraldehyde chemistry. Recently 

organophosphate detection using OPH modified-multi walled carbon nanotubes 

(MWNTs) was reported wherein, the enzyme was physically adsorbed on the nanotubes 

surface [18]. However, it a well-known fact that non-covalent adsorption of proteins may 

be susceptible to enzyme leaching, which could further lead to a drastic reduction in the 

sensor efficiency. In addition, we report the characterization and the catalytic study of the 

enzyme-immobilized nanotubes. Successful functionalization of CNTs was confirmed by 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier 

transform infrared spectrometry (FT-IR) and Raman spectroscopy. Our results provide a 

general and direct pathway for fabrication of biosensor using nanoscale components with 

excellent stability and sensitivity. 

 

8.2 EXPERIMENTAL 

8.2.1 Materials 

MWNTs (purity 95%, length 1-5 µm, diameter 30±10 nm) synthesized by CVD 

were purchased from Nanolabs and SWNTs were obtained from Rice University (purity 

>99.5%). Organophosphorus Hydrolase (OPH) was generously provided by J. Wild 

(Texas A&M University) and Nafion solution was obtained from D. Ivnitski, University 

of New Mexico, Albuquerque. Paraoxon was obtained from ChemService, West Chester, 

PA, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 3-aminopropyltriethoxy 

silane (APTES) were from Sigma-Aldrich, N-hydroxysuccinimide (NHS) was obtained 
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from Acros-Organics. All other reagents and chemicals were of analytical grade and 

obtained from Sigma–Aldrich (St. Louis, MO). Water used for preparation of aqueous 

solutions was from a Millipore Direct-Q Water system (resistivity, 18 MΩ cm
−2

)  

 

8.2.2 Oxidation of CNTs 

A suspension of 5 mg of CNTs (MWNTs and SWNTs separately) was sonicated 

in a 1510 Branson Sonicator at room temperature for 9 hours in a mixture of 3:1 conc. 

H2SO4 and 70% HNO3. The contents were allowed to cool and sufficient time was given 

to let the nanotubes to settle down. The supernatant was discarded and the filtrate was 

extensively washed with de-ionized water and filtered by centrifugation until the pH of 

the solution was near neutral. The filtrate was then freeze dried and a dark solid product 

was obtained. These oxidized CNTs were used for the immobilization of OPH. 

 

8.2.3 Protein immobilization on CNTs by EDC-NHS chemistry 

2 mg of freshly oxidized MWNTs and SWNTs were suspended in 5 mL of 

deionized water by sonicating the mixture for 1.5 h at room temperature. Then, 1 mL of 

500 mM MES buffer solution, pH 6.1 and 2.3 ml of a 50 mg/mL aqueous solution of 

NHS were added to the above suspension. Under fast stirring, 1.2 mL of freshly prepared 

aqueous solution of EDC (10 mg/mL) was added immediately, and the mixture was 

stirred continually at room temperature for 0.5 h. The suspension was filtered through a 

0.05μm hydrophilic polycarbonate membrane and then rinsed thoroughly with the buffer 

solution to remove excess EDC, NHS and the by-product urea. 



141 

 

The activated CNTs were then re-dispersed in 9 mL of buffer solution, and 1 mL 

of a 0.2 mg/mL OPH in 50 mM phosphate buffer solution, pH 7.4. After incubating the 

mixture on a platform shaker at 4°C for 9.5 h, the nanotube suspension was centrifuged at 

13200 rpm and rinsed with buffer several times to remove any unbound protein. The 

enzyme–nanotube conjugate was finally suspended in 20mM CHES buffer solution, pH 

9.0. A part of the sample was freeze dried for characterization studies.  

 

8.2.4 Protein immobilization on CNTs by APTES-GA chemistry 

2 mg of oxidized MWNT were suspended in 10% APTES by heating the solution 

to 60°C for 6 h followed by stirring at room temperature for 3 h. APTES modified 

MWNTs were recovered by centrifugation and rinsed thoroughly with water. In the next 

step, 5mL of 10% aqueous solution of gluteraldehyde was added to the above MWNT-

APTES suspension and the solution was sonicated for 0.5 h followed by stirring at room 

temperature for 2 h. The suspended nanotubes were rinsed extensively with copious 

amount of water. 0.2 mg/mL of OPH was added to the nanotubes suspension and the 

solution was gently stirred in a platform shaker overnight at 4°C. Loosely bound OPH 

was removed by centrifugation followed by rinsing with CHES. The conjugate was 

finally suspended in CHES buffer solution. 
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8.2.5 Characterization of protein immobilized CNT’s 

8.2.5.1 FT-IR 

The spectra of all samples were obtained using potassium bromide (KBr) pellets 

in the range 500 – 4000 cm
-1

 using a Shimadzu (Thermo-Electron Corp., Waltham, MA) 

FT-IR spectrophotometer at room temperature. 

 

8.2.5.2 TEM 

Samples were prepared by placing a drop of CNTs suspension solution on 200 

mesh formvar-coated nickel grids and air dried overnight before analysis. Images were 

recorded by a Zeiss EM 10  transmission electron microscope operating at 60kV. 

 

8.2.5.3 SEM 

Samples were prepared by dropping a small amount of CNT solution on a mica 

substrate and allowed to air dry overnight. The samples were then coated with a thin layer 

of gold (~10 nm) and imaged using a JEOL JSM 7000F field emission scanning electron 

microscope equipped with an energy dispersive X-ray analyzer (JEOL USA). 

 

8.2.5.4 Raman Spectroscopy 

Raman scattering studies were carried out with Renishaw-inVia Reflex (50x 

objective) with two excitation wavelengths at 514 nm (Argon Ion laser) and 785nm 

(Diode laser). Samples for the analysis were prepared by spreading freeze dried powder 

of CNT products on a double sided tape which was mounted on a glass slide. In order to 
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firmly attach the nanotubes in the form of a film, a clean glass cover-slip was pressed 

over it for 30 seconds.  

 

8.2.5.5 Measurement of the catalytic activity of immobilized enzyme 

Catalytic activity of the immobilized OPH on CNTs was determined 

spectrophotometrically by monitoring p-nitrophenol formation due to enzyme hydrolysis 

of substrate paraoxon. The kinetic constants were determined by performing enzymatic 

assays with varying concentrations of substrate and constant enzyme concentrations. The 

kinetic assay was carried out at room temperature using 20 mM CHES (pH 9.0) buffer 

solution. The hydrolysis product, p-nitrophenol (ε = 17,000 M
-1 

cm
-1

) was monitored 

calorimetrically at 405 nm using Ultrospec 2100 Pro UV-Vis Spectrophotometer, 

Amersham Biosciences. The initial velocities were calculated and fit to the Michaelis-

Menten equation. 

 

8.2.5.6 Preparation of Electrode surface 

The glassy carbon electrode (BAS, Ø = 1.6mm) was polished with 0.10 and 0.05 

µm alumina slurry respectively and then ultrasonically cleaned in water for 15 min. 20 

µL of the CNT suspension was cast on the cleaned electrode surface. After the solvent 

water was evaporated, 0.5% of Nafion solution was cast onto the modified electrode 

surface. The modified electrode was then dried to evaporate solvent and stored at 

refrigerated conditions until use. Amperometric measurements were performed using a 

BAS CV-50W (Bioanalytical Systems, USA). All experiments were conducted in a three 

electrode system containing a platinum wire auxiliary electrode, a CNT-modified glassy 
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carbon working electrode and a saturated Ag/AgCl reference electrode. The buffer 

solution was 10mM PBS which was deoxygenated with highly pure nitrogen for 5 

minutes before any electrochemical measurements. All the electrochemical 

measurements were performed at room temperature. 

 

8.3 RESULTS AND DISCUSSION 

8.3.1 Characterization of protein immobilized CNT’s 

Figure 8-1 describes the step-by-step procedure used to covalently anchor OPH to 

CNTs. Each modification step is characterized using FT-IR to probe the vibrational 

changes during adsorption of proteins. Figure 8-2 shows the FT-IR spectrum of the 

oxidized MWNTs, SWNTs and OPH-modified CNTs. It is well-known that oxidation of 

CNTs by H2SO4 and HNO3 results in the formation of hydrophilic groups, -COOH, -C=O 

and -OH. The spectra for the purified CNTs showed a peak at 1708 and 2933 cm
-1

, which 

indicates the presence of the carboxylic groups and symmetric stretching of −CH2 groups 

and increase of 3434 cm
-1

 peak clearly confirms introduction of more –OH groups after 

acid reflux. Following covalent immobilization of OPH, a strong band at 1210 cm
-1

 arises 

which is primarily due to in-plane N-H bend of secondary amide. Also, a characteristic 

carbonyl stretch of amide I band is observed at 1631 cm
-1

 arising from the backbone 

peptide bonds in enzymes. The bands at 1460 and 1390 cm
-1

 are assigned to the CH2 

deformation and to vibrations of the amino acid side chains, respectively. The OPH 

immobilized on the both cases was further evident from the disappearance of the 

carboxyl peak at 1708 cm
-1

 because of the formation of the peptide bond. 
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Figure 8-1: Covalent Immobilization of OPH on CNTs using A) EDC/NHS and B) 

APTES/GA 
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Figure 8-2: FT-IR spectra of the pristine, oxidized and OPH-functionalized MWNTs 

and SWNTs 

8.3.1.1 TEM and SEM 

Figure 8-3 shows the transmission electron microscopy characterization of 

oxidized and OPH-functionalized nanotubes. It is seen in Figure 8-3A that MWNT end 

tips which are evidently darker in comparison to the main body of the tubes. This clear 

appearance of the tips confirms the reduction in the length of  MWNTs during acid-based 

oxidation process. Similar observations are noticed in case of oxidized SWNTs (Figure 8-

3C) in which the short tubes are even more prominent. Figure 8-3B and 8-3D shows 

images of OPH functionalized MWNTs and SWNTs respectively. In case of OPH-

MWNTs, an amorphous deposition on the sides and ends of MWNTs is clearly present. 

This is due to successful functionalization of OPH on the defect sites of MWNTs. 

However in case of OPH-SWNTs a network of SWNTs coated with a thin amorphous 

phase was observed. This may be due to strong interaction of the enzyme with overall 
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SWNTs surface. It is important to note that solubility of OPH-SWNTs in aqueous phase 

was found to be less than MWNTs. We believe that OPH interacted strongly with 

SWNTs where SWNTs formed a network with enzyme, which led to precipitation from 

the dispersion. It is also likely that SWNTs might have worked as a cross linker for 

proteins which possibly helped to form such kind of networks. This was further supported 

by our TEM measurement; it must be mentioned that imaging of OPH-SWNTs at the 

same resolution as that of OPH-MWNTs was very difficult. The thick protein coating 

hindered transmission of electrons from the SWNTs surface making it difficult to image 

at higher resolutions. Similar results were obtained from SEM (Figure 8-4A) provided 

evidence of a thick enzyme coating or crystallization of OPH on the surface of SWNTs 

which was entirely absent on oxidized SWNTs. However, in case of MWNTs thick 

deposition of OPH at different spots on the nanotubes are noticed (Figure 8-4B), which 

corroborates with the results obtained from TEM. 
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Figure 8-3: TEM images of A) oxidized MWNT; B) OPH-functionalized MWNT; C) 

oxidized SWNT; and D) OPH-functionalized SWNT 
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Figure 8-4 A: SEM images of oxidized and OPH-modified SWNT  
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Figure 8-4 B: SEM images of oxidized and OPH-modified MWNT 

8.3.1.2 Raman Spectroscopy 

In order to testify the formation of covalent bond between the nanotubes and 

OPH, the Raman spectra of SWNTs with and without OPH were obtained. The 

characteristic peaks of the Raman spectra for these samples are the D and G bands which 

refer to the disorder mode ~1300 cm
-1

 and the tangential mode ~1600 cm
-1

. It is clearly 

seen in Figure 8-5 that D/G ratio of OPH-SWNTs slightly increased compared to that of 

oxidized SWNT. This is due to covalent attachment of the OPH on the surface of 

SWNTs. It is also very likely that due to different active functional group on the surface 

of OPH may irreversibly bind on SWNTs surface which assisted further for successful 

functionalization.  
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Figure 8-5: Raman spectrum of oxidized SWNT and SWNT-OPH showing D-band 

and G-band using 514 laser 

8.3.1.3 Measurement of the catalytic activity of immobilized enzyme 

The catalytic activities of OPH conjugated to surface of CNTs were measured 

spectrometrically. Figure 8-6 shows the immobilized OPH activity which is measured by 

monitoring the absorbance of p-nitrophenol formation at 405nm. SWNTs modified with 

OPH displayed the highest activity, which we suspect is due to higher OPH loading on 

the nanotubes. The higher enzyme loading might be attributed to the presence of 

increased number of carboxylic groups generated on SWNT due to acid treatment. 

Within MWNT, OPH conjugation through EDC/NHS chemistry demonstrated better 

activity compared to immobilization through APTES-GA. Table 8-1 summarizes the 

kinetic constants calculated for the enzyme-modified CNTs. 
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Figure 8-6: Activity of OPH immobilized on SWNT and MWNT 

 

Table 8-1: Kinetic constants for catalytic activity of OPH 

8.3.2 Flow Injection Amperometric Detection of Paraoxon with SWNTs-OPH and 

MWNTs-OPH Biosensor 

Figure 8-7A shows the typical current versus time plot for detection of paraoxon 

using both biosensors at 0.5 and 4.5 µM. We found that the SWNT biosensor appears to 

be the most useful since it offers the highest sensitivity resulting from a high current and 

a high signal/noise ratio. Similar results were found by Mita et al. [19] in the study of 

different CNT tyrosinase-modified electrodes to determine bisphenol. The most efficient 
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biosensors were those constructed by using the following technique for the carbon paste 

modified with SWNTs. Figure 8-7B shows flow-injection calibration data for paraoxon 

over the concentration ranges 0.5-8.5 µM, and insert show that current increases 

proportionally to the concentration to yield highly linear calibration plots obtained for 

SWNTs-OPH. Detection limits of 2.3 mol L
-1

 paraoxon can be estimated on the basis of 

the signal-to-noise characteristics of these data (S/N = 3).The stability of the system was 

examined over a 30-day period (using the same surfaces, with intermittent storage at 4 

°C). As expected, the paraoxon sensors exhibited a negligible decrease (of about 8%) of 

its sensitivity to 0.5 and 4.5 µM paraoxon during that period. Good reproducibility by the 

enzyme electrode means that the biosensor can be used in on-line determination of 

paraoxon. The increase of the signal obtained with SWNTs is combined with excellent 

sensitivity. These results combine with the activity of immobilized enzymes (Figure 8-7) 

give a good indication that SWNTs have more OPH binding potential at higher current. 
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Figure 8-7 A) Comparison between OPH immobilized on MWNT and SWNT for 

paraoxon detection; B) Flow-injection (FI) on OPH-SWNT electrode with sequential 

injection of Paraoxon from 0.5µM to 8.5µM (inset: Calibration plot from FI-

analysis showing a linear response for paraoxon detection); C) The operational 

stability of OPH-SWNT modified electrode over 35 day period 

8.4 CONCLUSION 

In this work, we have presented a simple and economical amperometric biosensor 

based on carbon nanotubes modified with covalently attached OPH for organophosphate 

detection. The characterization techniques confirmed the successful immobilization of 
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OPH on the CNT surface. Covalent functionalization seemed to be a better choice for 

enzyme immobilization to achieve improved sensor characteristics. Our studies with 

OPH have shown that a significant degree of enzymatic activity is retained after 

immobilization. The OPH-CNT solutions showed stable behavior in buffer solutions.  

The sensor exhibited, high sensitivity and good reproducibility, and was able to 

efficiently preserve the enzyme activity and did not show any evidence of enzyme 

leaking over time.  
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9. FINAL CONCLUSIONS 

The studies presented in this dissertation have demonstrated the successful 

development of rapid and specific detection platforms for detection of neurotoxic 

organophosphates. Also, various strategies for the optimization of factors affecting 

immobilized enzyme activity and stability have been described.

In the past few years, considerable interest has been shown towards 

environmental contamination with organophosphate (OP) insecticides. Terrorist attacks 

using these toxic nerve agents has demanded the development of accurate, specific and 

sensitive detections systems  for field detection and discrimination of these neurotoxic 

agents. The analysis of OP neurotoxins typically requires sophisticated equipment, 

extensive sample preparation that is labor-intensive and prolonged processing time to 

validate the results. Therefore, with the described studies in this dissertation, we have 

attempted to develop simple, sensitive and rapid, optical and electrochemical biosensor 

assays for the direct detection of organophosphates. The biorecognition element for all 

the studies is an enzyme, organophosphate hydrolase (OPH). Different strategies were 

used for anchoring the enzyme to the sensor surfaces on various detection platforms. In 

addition, some of the systems described herein can be used to provide continual remote 

monitoring and spectral fluorescent notification.  

A fluorescence-based approach for the direct detection of OPs was described. 

OPH was immobilized using a very simple procedure and any non-specific adsorption 
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was prevented using BSA. The rational design of the sensor system allowed qualitative 

detection of paraoxon at a limit of 0.05 µM. Although slight modifications to the 

excitation source of the fluorimeter could lead to better sensor sensitivity, this detection 

platform can be potentially used for remote monitoring. A very simple method for the 

detection of p-nitrophenol, an active ingredient found as an environmental contaminant in 

fresh water, was developed. The detection was based on the fluorescence changes of 

coumarin1, which is structurally very similar to some of the OPs. The fluorescence 

quenching in the presence of OPH was suspected to be due to fluorescence resonance 

energy transfer (FRET). The lowest concentration of paraoxon detected was 0.7µM. 

While the detection of paraoxon and parathion was demonstrated, this method could be 

applicable to any p-nitrophenyl substituent OPs.  

An important aspect for any biosensor system is the biorecognition element, 

which in this research was an enzyme, OPH. Upon immobilization, the enzyme may be 

susceptible to leaking; therefore it is vital to provide sufficient stability during the 

immobilization process. To achieve this purpose, OPH was encapsulated in situ using 

silica nanoparticles. The silica layer not only provided protection to the enzyme but also 

helped retain immobilized enzyme activity over a period of several hours. The 

immobilization technique described was very simple as OPH was directly tethered on the 

transducer surface with no requirement for surface modification before immobilization. 

Also, to increase the sensitivity of detection, OPH was immobilized through site-specific 

antibodies. Maximal activity of OPH was obtained through oriented immobilization. In 

addition, to increase the efficiency of the immobilized enzyme, a method to further refine 

surface construction by the orientation specific attachment of OPH was developed.  This 
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attachment facilitated the free movement of substrates and products to and from the 

active site. SPR was used to determine the higher catalytic efficiency of the modified 

enzyme when attached to the gold surface.  

 Finally, the covalent immobilization of OPH on carbon nanotubes has enabled 

simple, sensitive and rapid detection of organophosphates. Physical adsorption of 

enzymes on surfaces can lead to leaching of enzymes under continuous flow conditions, 

which could further decrease the sensitivity of detection. Therefore, covalent 

functionalization seemed to be a better choice for enzyme immobilization. The sensor 

thus created exhibited good stability and reproducibility, while efficiently preserving the 

enzyme activity. The unique properties of CNTs have enabled the design of this 

electrochemical biosensor with improved analytical performance with respect to 

conventional biosensor systems. 
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10. FUTURE WORK 

As we move into the next millennium there is an increasing need for miniature 

and portable detection systems which are capable of deployment for field applications. 

Multi-analyte sensing using an array of enzymes specific towards different classes of 

neurotoxins will be vital for next generation sensors. The sensor systems described in this 

study with a few modifications would enable development of highly sensitive systems. 

The Analyte 2000 is a small and portable instrument designed for fluorescence detection 

of biomolecules. Slight alteration in the excitation light source to match the reporting 

fluorophore and minor modifications to the surface chemistry would enable achievement 

of lower detection limits. 

To prevent reduction of enzyme activity and to protect the enzyme from harsh 

environmental conditions, OPH was encapsulated in silica nanoparticles, formed by the 

silicification reaction using lysozyme as described in Chapter 5. But due to non-covalent 

adsorption of the lysozyme, loss of enzymatic activity was observed in the first few 

hours. This was a direct result of the loss of silica from surface (Figure 10-1).   
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Figure 10-1: Stability of encapsulated OPH 

In order to optimize the deposition of silica on the gold surface, to minimize any 

loss under continuous flow conditions and to retain enzymatic activity for longer periods 

of time, lysozyme needs to be covalently attached to the surface. One way to achieve this 

could be by chemical modification of the sensor surface with carboxyl-terminated self-

assembled monolayers (SAMs) (Figure 10-2).  
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Figure 10-2: Chemical functionalization of silica-encapsulated OPH on gold surface 

The benefit of using SAMs is that surfaces created from such thiols are stable for 

period of days to weeks. Also, synthesis of different variants of OPH with specificities 

towards different organophosphates will allow for better sensor characteristics. 

Production of stable and specific antipeptide antibodies towards different regions of OPH 

would help accomplish site-oriented binding of OPH. This would in turn facilitate free 

movement of substrates and products to and from the active site as well achievement of 

maximal OPH activity. 
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