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Accumulation and exposure of organophosphate pesticides are of great concern today owing to their abundant
usage and potential health hazards. Harmful effects of organophosphate pesticide exposure and limitations of the
available treatment methods necessitate the development of reliable, selective, cost-effective, and sensitive
methods of detection. We developed a novel biosensor based on the enzymatic action of recombinant organo-
phosphorus hydrolase (OPH) expressed in E. coli. We report the development of colorimetric biosensors made of
His-Nus-OPH as well as His-Nus-OPH loaded alginate microspheres. The colorimetric detection method devel-
oped using solution-phase and alginate-encapsulated His-Nus-OPH exhibited detection limits of 0.045 and 0.039
mM, respectively, for ethyl paraoxon, and 0.101 and 0.049 mM, respectively, for methyl parathion. Additionally,
fluorescence measurement using pH-sensitive fluorescein isothiocyanate (FITC) was used to sense the quantity of
organophosphorus pesticides. The fluorometric detection method using solution-phase His-Nus-OPH, with ethyl
paraoxon and methyl parathion as the substrate, reveals the lower limit of detection as 0.014 mM and 0.044 mM,
respectively. Our results demonstrate the viability of His-Nus-OPH for OP detection with good sensitivity, LOD,
and linear range. We report the first use of N-terminal His-NusA-tagged OPH, which enhances solubility
significantly and presents a significant advance for the scientific community.

1. Introduction

In modern times, pesticides have gained prominence in a variety of
sectors, from agriculture to industry, due to the needs and expectations
of a growing population. The global usage of pesticides is to the tune of 3
million tons annually [1]. Of the known pesticides, four classes are most
prominent: organophosphates (OPs), organochlorines, pyrethroids, and
carbamates [2,3]. Among these, OPs are very popular, especially in
developing countries, due to cost-efficient synthesis and ubiquitous and
proven use as pesticides/insecticides. The prevalence of organophos-
phate pesticides is as high as 33% in developed countries and 50-60% in
developing nations, where they pose a greater risk [4-6]. From a clinical
point of view, there are some major concerns related to OPs, like
blockage of the active site of acetylcholinesterase (AChE), which is the
important enzyme of the nervous system required for the breakdown of
acetylcholine. The build-up of acetylcholine resulting from inhibition of
AChE results in neurological complications, and the problem extends to
all vertebrates, including humans [7-9]. Clinically, in humans, OP
poisoning cases are treated with anticholinergic drugs like atropine
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and/or acetylcholinesterase reactivators comprised of different types of
oximes [10]. However, the efficacy of such treatment is inconclusive,
with reports citing side effects and even increased morbidity [11,12].
Moreover, long term OP exposure results in an “aging effect” on neu-
ropathy target esterase (loss of alkyl group bound to phosphorus), which
progressively and irreversibly inhibits the esterase over time, leading to
OP-induced neuropathy [13]. OP poisoning has a high rate of mortality,
reported in various studies to be between 22% and 50%, which exceeds
normal expectations [14-16] and is also reported to be similar irre-
spective of economic status or condition of the patients’ country [17].
Combined with the relative ease of exposure, these compounds present a
pertinent risk for healthcare professionals to mitigate effectively.

Due to the above concerns, the development of a reliable, selective,
sensitive detection and detoxification method for these compounds is
necessary. Some soil microbiota have been shown to have enzymes that
can degrade these toxic compounds into non-toxic compounds [18].
Organophosphorus Hydrolase (OPH) enzyme isolated from Fla-
vobacterium sp. and Pseudomonas diminuta has shown this activity of
degradation of OPs. OPH has a broad substrate specificity, including the
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cleavage of P-O, P-S, P-F, and P-CN bonds, it catalyzes the hydrolysis of
organophosphorus compounds, such as methyl and ethyl parathion,
paraoxon, chlorpyrifos, coumaphos, cyanophos, and diazinon as well as
chemical warfare agents, such as sarin and soman [19]. Enzymatic hy-
drolysis is reportedly 40-2450 times faster compared to chemical hy-
drolysis [20] and thus attracts great interest from a scientific viewpoint
for the remediation as well as detection of organophosphorus com-
pounds in the environment.

The high-resolution X-ray structure showed that the OPH folds into
aff barrel motif called TIM Barrel [21]. OPH adopts TIM barrel fold
where the active site is located at the C terminal of the p barrel [22]. The
OPH active site is comprised of two Zn(II) ions enclosed inside a (/)
8-barrel motif, bridged by a carboxylated Lys-169 and a hydroxyl ion at
neutral pH, with each Zn ion coordinated with various residues the
a-Zn2* being coordinated to His-55, His-57, Asp-301, the carboxylated
Lys-169 and the hydroxide, while the p-Zn®" is coordinated to His-201,
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His-230, carboxylated Lys-169, the hydroxide and an H>O molecule
[23]. The enzyme can catalytically hydrolyze phospho-
triesters/organophosphates by a mechanism involving cleavage of the
phosphotriester bond in an SN2-type reaction mechanism with the
involvement of an HyO molecule terminally bound to the a-metal ion,
whose pKa is lowered due to the interaction with the metal ion and the
bridging hydroxide, leading to the generation of a hydroxide nucleo-
phile that is optimally aligned for an attack on the electrophilic phos-
phorus [24]. Fig. 1 shows a representative schematic of the hydrolysis of
ethyl paraoxon and methyl parathion by OPH. The hydrolysis process in
the presence of CoCly [25] results in the production of p-nitrophenol
along with the release of two protons, which form the basis of the
colorimetric and fluorometric detection methods used in several studies.
Detailed discussions on the reaction mechanism of OPH with OP com-
pounds have been described in the literature [26,27].

In the literature, there are several reports on the sensing of

Fig. 1. OPH reaction mechanism. (a) The general
structure of organophosphorus compounds. R1 and
R2 are commonly represented by alkoxy groups,
although other chemical substitutes are also possible
(like phenyl for R1 and methoxy to butoxy for R2);
the phosphorus is also attached to either an oxygen
or sulphur atom via a double bond. X represents the
“leaving group” displaced when acetylcholines-
terase (AChE) is phosphorylated by the OP and thus
is most sensitive to hydrolysis. X is either a phenoxy
group or a fluorine. (b) Depiction of hydrolysis of
OP compounds in presence of His-Nus-OPH with p-
nitrophenol and HY as a product which can be
detected by colorimetric and fluorometric detection
methods, respectively.
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organophosphorus compounds using OPH through electrochemical,
optical, and other methods [28]. However, an optimal sensor that ach-
ieves good enzymatic catalytic activity and low enough detection limits
to detect organophosphorus compounds in practical use cases remain
elusive primarily due to reproducibility and cost concerns. In this article,
we report colorimetric, as well as fluorescence-based sensing using a
known fluorescent dye (FITC) of organophosphorus compounds by the
interaction of His-Nus-OPH with OP compounds such as methyl para-
thion and ethyl paraoxon.

2. Materials and methods
2.1. Materials

Strains and chemicals: A opd gene construct was received from Prof.
D. Siddavattam (Dept. of Animal Biology, School of Life Sciences, Uni-
versity of Hyderabad, Hyderabad-500046, India). In this study, we used
the oph gene without signal peptide. The E. coli cells, DH5a and Rosetta,
were used as host cells, and pET43a and pET28a vector (Novagen) were
used for cloning and expression of OPH.

Favor Prep plasmid extraction mini kit was purchased from Favorgen
(Taiwan), GeneJET gel extraction kit and GeneJET PCR purification kit
were purchased from Thermo Scientific (USA), Agarose, Luria Bertani
Broth Miller, Kanamycin, Sodium chloride, Imidazole, Pfu and Taqg DNA
polymerase, Lysozyme, Bradford reagent were purchased from HiMedia
(India), Spel, Ndel, Xhol, and T4 DNA Ligase were purchased from NEB
(USA). dNTPs, Ethidium bromide, Tris-Cl, 2-(Cyclohexylamino) etha-
nesulfonic acid (CHES) buffer, Methyl parathion, Ethyl paraoxon, So-
dium alginate, Fluorescein isothiocyanate (FITC) dextran 500 kDa were
purchased from Sigma Aldrich (USA), Cobalt chloride was purchased
from Loba Chemie (India), and Calcium chloride from Otto Chemie
(India), were used for cloning, expression, purification and activity of
recombinant OPH.

2.2. Cloning of OPH with N- terminal His tag

The oph gene was obtained from Pseudomonas diminuta (accession
number POA434.1). oph gene was cloned into the pET28 expression
vector by using Ndel and Xhol site with N-terminal 6X His tag. The oph
gene was amplified by using Pfu DNA polymerase and primers PK671F
and PK673R (Table S1) (Sigma Aldrich, USA). Thermal cycles were
programmed for 2 min as initial denaturation, and subsequently 30
cycles of 30 s for denaturation at 95 °C, 30 s at 59 °C as annealing
temperature, 90 s at 72 °C for the extension, and a final extension at
72 °C for 10 min. The resultant PCR product for the oph gene is 1011 bps.
Insert, and vector DNA were both double digested by Ndel and Xhol
restriction enzymes. The insert and vector DNA were ligated, followed
by the transformation of ligated samples into E. coli DH5a cells. The
presence of insert DNA in the plasmid construct was confirmed by col-
ony PCR, further, the recombinant plasmids were isolated from the
replica plates and then sequenced by Sanger sequencing. The recombi-
nant clones designated as p28-His-OPH were then transformed into
E. coli Rosetta cells.

2.3. Sequential cloning of OPH in pET43 and pET28 with N- terminal His
tag and NusA tag

Briefly, OPH was initially cloned into pET43 by using Spel and Xhol
site with the N-terminal NusA tag, with a preScission protease site in
between the NusA tag and OPH to generate p43-Nus-OPH (8023 bps).
Subsequently, the Nus-OPH fragment was released using Ndel and Xhol
site and cloned into the pET28 expression vector to generate an N-ter-
minal His-NusA tag. OPH was amplified by using Pfu DNA polymerase
and primers PK672F and PK673R (Table S1) and cloned into plasmid
pET43. Thermal cycles were programmed for 5 min as initial denatur-
ation, and subsequently 30 cycles of 30 s for denaturation at 95 °C, 30 s
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at 59 °C as annealing temperature, 90 s at 72 °C for the extension, and a
final extension at 72 °C for 10 min. The resultant PCR product of the oph
gene is 1011 bps. Insert, and vector DNA were both double digested by
using Spel, Xhol restriction enzymes and cloned into pET43 vector.
Later, the Nus-OPH fusion gene fragment was excised using Ndel and
Xhol sites and cloned into a pET28 vector to generate p28-His-Nus-OPH
(7819 bps). The presence of insert DNA in the plasmid construct was
confirmed by colony PCR, the recombinant plasmids were isolated from
the replica plates and then sequenced by Sanger sequencing. The re-
combinant clones were then transformed into E. coli Rosetta cells.

2.4. Expression of recombinant OPH

A single colony of E. coli Rosetta cells transformed OPH clone (p28-
His-OPH or p28-His-Nus-OPH) was inoculated into a 5 ml LB tube with
Kanamycin 10 pg/ml working concentration and was incubated at 37 °C
and 200 RPM for 10-12 hours (h), followed by re-inoculation of 50 pl
overnight grown culture into a fresh 5 ml LB tube with kanamycin and
incubation at 37 °C and 200 RPM for 2-3 h until OD 600 reaches 0.8.
This culture was then induced with 0.1 mM IPTG and 0.1 mM CoCl, and
incubated at 180 RPM, with the conditions set at 37 °C/3 h and 16 °C/
16 h for p28-His-OPH as well as p28-His-Nus-OPH. Subsequently, the
cells were harvested at 8000 RPM at 4 °C for 10 min. The resultant pellet
was washed and resuspended with 50 mM Tris-Cl, pH 7.4, with 10%
glycerol. Afterwards, lysozyme was added to a final concentration of
100 pg/ml and then incubated at 30 °C for 20 min, followed by soni-
cation and centrifugation of cell lysate at 14000 rpm and 4 °C for 10 min.
The lysate was then analysed on 12% SDS PAGE for p28-His-OPH and
p28-His-Nus-OPH.

2.5. Purification of recombinant His-Nus-OPH

All steps of affinity chromatography were performed at 4 °C using
His-trap Ni-column (GE) with AKTA Unichromat 1500 (GE). After
expression, the concentration of components in the input sample for
purification was made equivalent to the equilibration buffer (50 mM
Tris-Cl pH 8.0, 500 mM NaCl, and 10 mM imidazole). This input sample
was loaded on the pre-equilibrated column at a flow rate of 1 ml/min.
Subsequently, the column was washed with wash buffers comprising 50
mM Tris-Cl, pH 8.0, 500 mM NaCl, with 50 mM and 90 mM imidazole,
respectively. The expression level of the 6X His tagged protein mainly
determines the number of wash steps required for a high level of puri-
fication. The sample was then eluted using an elution buffer comprising
50 mM Tris-Cl, pH 8.0, 500 mM NaCl, with 300 mM imidazole. All
fractions were analysed on an 8% SDS PAGE.

2.6. SDS-PAGE

The same volume of each sample was mixed with the sample buffer
(0.25 M Tris-Cl, pH 6.8, 10% SDS, 0.05 M f-mercaptoethanol, 50%
glycerol, 0.5% bromophenol blue), boiled for 5 min and analysed by
either 8% or 12% SDS PAGE for His-Nus-OPH and His-OPH.

2.7. Activity assay of recombinant His-Nus-OPH

The method to perform the activity assay was adapted from the
report by Meier et al. [29]. Concisely, 1 pl of protein was mixed with 50
mM CHES [2-(N-cyclohexyl amino) ethane-sulfonic acid] buffer, pH 9.0,
0.1 mM CoCly, 1 mM methyl parathion and/or ethyl paraoxon (Sigma),
and the final volume was made up to 200 pl with SDW. The reaction
mixtures were incubated at 37 °C for 5 min in the case of solution-phase
His-Nus-OPH, 10 min for encapsulated His-Nus-OPH with ethyl para-
oxon, and 20 min for encapsulated His-Nus-OPH with methyl parathion.
The activity was calculated by measuring the absorbance of p-nitro-
phenol produced due to the hydrolysis of methyl parathion and/or ethyl
paraoxon at 400 nm (¢400 = 17,000/M/cm for p-nitrophenol) [29] by
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using a plate reader (SYNERGY H1 microplate reader). Specific activities
were expressed as units (micromoles of methyl parathion and/or ethyl
paraoxon hydrolyzed per minute) per milligram of total protein.
Encapsulated protein enzymatic activity was also performed similarly by
taking 330 pl encapsulated protein microspheres and making up to 500
pl.

The kinetic parameters of solution-phase and encapsulated His-Nus-
OPH with ethyl paraoxon and methyl parathion were determined using
substrate concentrations of 0.1-9 mM. kinetic parameters for ethyl
paraoxon and methyl parathion substrate (Kcat, Kim, Vax> Keat/Km) were
calculated following the method described in the previously published
literature [30].

2.8. Effect of temperature and pH on the activity of recombinant His-Nus-
OPH

To determine the optimal temperature for His-Nus-OPH with ethyl
paraoxon, we tested its activity at varying temperatures ranging from 20
to 45 °C for 10 min, in 50 mM CHES buffer, pH 9.0, 0.1 mM CoCl,, and 1
mM ethyl paraoxon.

In order to determine the optimal pH for His-Nus-OPH with ethyl
paraoxon, we performed activity tests at a pH range of 6-10, at 37 °C for
10 min, in either 50 mM sodium phosphate buffer (pH 6.0, 6.5, 7.0, 7.5
and 8.0, respectively) or 50 mM CHES buffer (pH 8.5, 9.0, 9.5 and 10.0,
respectively), 0.1 mM CoCl,, and 1 mM ethyl paraoxon.

Enzymatic activity assays were performed in a similar manner as
described in the above section.

2.9. Encapsulation of His-Nus-OPH and FITC-dextran/His-Nus-OPH in
alginate microspheres using an ultrasonic atomizer

The method to perform encapsulation was adapted from the report
by Pandey G. et al. [31]. His-Nus-OPH protein (0.2-0.65 mg/ml) was
encapsulated in 0.7% sodium alginate microspheres formulated via
ionic gelation technique by using 4% calcium chloride to form Calcium
alginate microspheres. The protein alginate mixtures were sprayed using
an ultrasonic atomizer (Sonozap, USA) at optimized instrumental pa-
rameters like frequency 130 kHz and 3.5 Watt of power with the flow
rate of 0.3 ml/min using a syringe pump (Multi-phaserTM, model
NE-300, New Era pump system, USA) and collected in 40 ml 4% w/v
calcium chloride stirred on a magnetic stirrer at 1500 rpm. Particles
prepared were separated using a refrigerated high-speed centrifuge
(Kubota-7000, Japan) at 7000 g, after three washing cycles of 15 min
with sterile distilled water. FITC dextran (1 mg) and His-Nus-OPH (0.5
mg) were encapsulated in alginate (0.7% w/v) microspheres formed by
ionic gelation technique using an ultrasonic atomizer with optimized
instrumental parameters as described above using 4% w/v calcium
chloride as a crosslinker. FITC dextran (1 mg) was separately encapsu-
lated in alginate (0.7% w/v) microspheres by the same technique to act
as a control. Both dye loaded particles and co-immobilized particles
prepared were separated using a refrigerated high-speed centrifuge
(Kubota-7000) at 7000 g, after three washing cycles of 15 min with
sterile distilled water.

2.10. Characterization of alginate microspheres

Morphological characterization was done by scanning electron mi-
croscopy (SEM) using a Zeiss Supra 55 (Germany) machine. A thin layer
of microspheres was evenly spread onto the glass slide. The slide was
kept on the desiccator for 3 h in which silica adsorbed all the moisture
present in the sample. The sample was coated with copper metal (Q150R
Rotary-pumped sputter coater/carbon coater) and observed at an
operating voltage of 5 kV. Alginate encapsulated FITC-Dextran, and
FITC-Dextran/His-Nus-OPH high-resolution images were taken at 60x
magnification using a confocal laser scanning microscope (CLSM)
(FluoView 1000, Olympus America Inc. USA). The fluorescence
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excitation and emission wavelengths were selected as 488 nm and 520
nm, respectively. Particle size distribution measurements were per-
formed using ImageJ software [32]. To confirm the encapsulation of
His-Nus-OPH, beads were boiled at 95 °C for 15 min and then loaded on
the 8% SDS PAGE along with the input and the first wash. The encap-
sulation efficiency for His-Nus-OPH protein in the alginate microspheres
was determined in this study by calculating band intensities of encap-
sulated protein with reference to the input sample on an SDS PAGE.
Intensities of protein bands were quantified using ImageJ software.

2.11. Biosensing studies of ethyl paraoxon and methyl parathion

Colorimetric biosensing of ethyl paraoxon and methyl parathion in
solution-phase was performed by mixing His-Nus-OPH fusion protein
with CHES buffer, pH 9.0, 0.1 mM CoCl, and incubating at 37 °C for 5
min. On the other hand, for encapsulated protein, enzymatic activity
was also performed in a similar manner that is, incubating at 10 min for
His-Nus-OPH encapsulated alginate microspheres with ethyl paraoxon
and 20 min for methyl parathion. The OPH enzyme activity was calcu-
lated by exposing different concentrations of ethyl paraoxon and methyl
parathion (0.005-1 mM) and measuring the increase in the absorbance
of p-nitrophenol formed at 400 nm using an extinction coefficient
17,000 M/cm for p-nitrophenol. The method to perform fluorescence
biosensing was adapted from the report by Zourob et al. and Doong et al.
[33,34]. Fluorometric biosensing assay comprised of His-Nus-OPH
fusion protein and FITC-dextran (1 mg/ml), which were mixed in ratio
1:12 (w/w) in the solution phase. Subsequently, 0.1 mM CoCl,, ethyl
paraoxon (0.001-0.5 mM) and methyl parathion (0.005-0.5 mM) was
added to the mixture and the volume was made up to 1 ml. The reaction
mixture was incubated for 5 min at 37 °C, and the decrease in the
fluorescence intensity was recorded at 488 nm excitation and 519 nm
emission by using a fluorometer (Horiba Fluoromax 4, Japan). Fluo-
rescence changes in response to the catalytic activity of His-Nus-OPH in
solution-phase were observed to evaluate the performance of
His-Nus-OPH for the detection of OP compounds [35]. Fluorescence
emission intensity ratios were plotted with respect to different concen-
trations of ethyl paraoxon and methyl parathion, and a linear regression
analysis was performed to determine the calibration curves for
estimation.

3. Results
3.1. Cloning and expression of OPH with N-terminal His tag in pET vector

The oph gene from Pseudomonas diminuta was cloned into pET28
expression vector, giving p28-His-OPH (Fig. 2a). The results of the
expression of His-OPH in both pellet and supernatant are shown in
Fig. 2b and c. From Fig. 2b at 37 °C for 3 h and Fig. 2c at 16 °C for 16 h
induction, we observed no expression of His-OPH protein in the unin-
duced supernatant and pellet, but, incidentally, we found that on in-
duction, the His-OPH protein was expressed in the pellet but not in the
supernatant. Most likely, improper folding resulted in the formation of
inclusion bodies [36], and hence more than 90% of the expression of
His-OPH protein was observed in the pellet (Fig. 2b and c, lane 4 and 5,
respectively).

3.2. Cloning, expression, and purification of OPH with N-terminal His
and NusA tag in pET vector

Several recombinant proteins demonstrate poor solubility when
overexpressed in a heterologous host [37]. To overcome the problem of
solubility, the NusA solubilization tag was used. To obtain soluble OPH
by bringing the N-terminal NusA tag, the oph gene was sequentially
cloned into pET43 and pET28 expression vectors to give p43-Nus-OPH
and p28-His-Nus-OPH, respectively. In pET43, the oph gene was
cloned in such a way that a preScission protease site is present in
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Fig. 2. Cloning and expression of OPH (p28-His-OPH) with N-terminal His tag in pET vector. (a) Map of pET28a with OPH, N-His tag. (b) Induction of recombinant
His-OPH fusion protein. Induction of His-OPH was performed with 0.1 mM IPTG at 37 °C for 3 h. Lane 1: Uninduced supernatant, lane 2: uninduced pellet, lane 3:
induced supernatant, lane 4: induced pellet, lane 5: protein marker. (¢) Induction of His-OPH was performed at 16 °C for 16 h. Lane 1: Protein marker, lane 2:
uninduced supernatant, lane 3: uninduced pellet, lane 4: induced supernatant, lane 5: induced pellet.

between the NusA tag and the OPH protein. The expression of these
proteins, along with the solubilization tag, helps in getting expression in
the soluble fraction [38]. To explore the possibility that bringing His tag
on the N-terminal will assist in the purification step [39], the oph gene
along with the NusA tag was double digested from the p43-Nus-OPH
clone and sequentially cloned into pET28a expression vector by using
Ndel and Xhol sites (Fig. 3a). The recombinant cloned plasmid was
transformed into E. coli Rosetta cells and induced with 0.1 mM IPTG.
Cell lysates were prepared and separated as supernatant and pellet to
evaluate the amount of protein present in the soluble form. From Fig. 3b
at 37 °C for 3 h induction, we observed no expression of His-Nus-OPH
protein in the uninduced supernatant and pellet, but surprisingly we
found that on induction, the His-Nus-OPH protein was expressed in the
pellet but not in the supernatant (Fig. 3b, lane 4 and 5).

To explore the possibility of getting soluble protein via induction at a
lower temperature, we decided to induce the cells at 16 °C. From Fig. 3c
at 16 °C for 16 h induction, we observed no expression of His-Nus-OPH
protein in the uninduced supernatant and pellet, but we found that on
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induction, the His-Nus-OPH protein expression was higher in the su-
pernatant than the pellet (Fig. 3c, lane 4 and 5).

We observed an induced band of 93 kDa for His-Nus-OPH fusion
protein in the soluble fraction, suggesting that low-temperature
expression of OPH along with solubilization Nus-tag assists in getting
His-Nus-OPH expressed in the soluble fraction. Since His-Nus-OPH
carries an N-terminal His-tag, affinity purification of the recombinant
His-Nus-OPH fusion protein was performed on a Ni-NTA resin. N-ter-
minal His-tagged protein was able to bind to the Ni-NTA resin, and His-
Nus-OPH protein was eluted by using 300 mM imidazole elution buffer
(Fig. 3d, lane 6 to 8). Moreover, we were able to purify more than 90%
pure His-Nus-OPH fusion protein due to the proper folding of protein
facilitated by the presence of the NusA tag [40]. The affinity chro-
matogram of His-Nus-OPH is shown in Fig. S1.

3.3. Activity assay of recombinant His-Nus-OPH

To know whether the recombinant protein is indeed enzymatically

At 16 °C

MES Buffer

Fig. 3. Cloning, expression, and purification of OPH (p28-His-Nus-OPH) with N-terminal His and NusA tag in pET vector. (a) Map of pET28a with OPH, N-His-Nus
tag. (b) Induction of recombinant His-Nus-OPH fusion protein. Induction was performed with 0.1 mM IPTG at 37 °C for 3 h. Lane 1: Protein marker, lane 2:
uninduced supernatant, lane 3: uninduced pellet, lane 4: induced supernatant, lane 5: induced pellet (c¢) Induction of recombinant His-Nus-OPH fusion protein.
Induction was performed at 16 °C for 16 h. Lane 1: Protein marker, lane 2: uninduced pellet, lane 3: uninduced supernatant, lane 4: induced supernatant, and lane 5:
induced pellet. (d) Purification of recombinant His-Nus-OPH fusion protein. Lane 1: Protein marker, lane 2: induced cell extract, lane 3: flow-through, lane 4, 5: wash

with 50, 90 mM Imidazole, lane 6 to 8: elution with 300 mM Imidazole.
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active, we performed OPH enzyme assay. Recombinant His-Nus-OPH
fusion protein demonstrated activity in the induced cell lysate as well
as in purified fraction. Induced cell lysates were observed to be signifi-
cantly more active than uninduced cell lysates for methyl parathion and
ethyl paraoxon. However, purified samples showed higher specific ac-
tivity as compared with the induced cell lysate. The specific activity of
uninduced, induced, and purified His-Nus-OPH fusion protein was found
to be 0.21 U/mg (£+0.006), 24.12 U/mg (+1.22), and 333 U/mg
(£45.11), respectively, for ethyl paraoxon and 0.57 U/mg (£+0.003),
13.79 U/mg (+0.89), and 90.2 U/mg (£+6.07), respectively, for methyl
parathion (Fig. 4a and b) using a 1 mM concentration of the substrates.
Thus, we observed that purified His-Nus-OPH has 13.8 and 6.5 times
greater specific activity than the induced His-Nus-OPH with respect to
ethyl paraoxon and methyl parathion, respectively, suggesting signifi-
cant fold purification using affinity chromatography.

The kinetic parameters for ethyl paraoxon and methyl parathion as
substrate using solution phase as well as encapsulated His-Nus-OPH
have been reported in Table S2 and Figs. S2 and S3.

3.4. Effect of temperature and pH

Considering the significant specific activity with ethyl paraoxon, we
studied the effect of temperature and pH on the activity of His-Nus-OPH
in the solution phase. The effect of temperature on the activity of puri-
fied recombinant His-Nus-OPH was determined at varying temperatures
ranging from 20 to 45 °C with an interval of 5 °C but also including
37 °C. In concurrence with earlier studies [41], His-Nus-OPH activity
was found to gradually increase until 37 °C, and a subsequent rise in
temperature decreased the activity. Hence, it is suggested that 37 °C is
the optimum temperature for His-Nus-OPH with ethyl paraoxon
(Fig. S4a).

The effect of pH on the activity of purified recombinant His-Nus-OPH
was determined at a pH range of 6-10 with an interval of 0.5 pH units.
These experiments showed the optimum activity at pH 9.0 for His-Nus-
OPH (Fig. S4b).

3.5. Encapsulation of His-Nus-OPH and FITC-dextran/His-Nus-OPH in
alginate microspheres using an ultrasonic atomizer

In recent times, encapsulation of proteins and cells are increasingly
being explored in order to protect biomolecules from detrimental
environmental factors such as pH changes, salts or reactive oxygen
species, etc. [42]. To this end, materials such as polysaccharides and
lipids have been used as encapsulants. Among these, alginate-based
encapsulation has gained prominence due to its favourable properties
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such as good immobilization capacity, mechanical stability, water
retention capability, heat stability, controllable porosity, low toxicity,
and biocompatibility [43]. Proteins are encapsulated in different natu-
ral/synthetic polymers with an aim to maintain enzyme activity and
increase stability. His-Nus-OPH protein was encapsulated in 0.7% so-
dium alginate by using an ultrasonic atomizer, chosen for reasons of
high productivity, biocompatibility, mild gelation and formation con-
ditions, industrial relevance, and good particle size distribution [44,45].
4% CaCly was used as a cross-linker to maximize bead formation and
achieve a smaller particle size [46-48]. Ionic gelation is the main
principle behind the formation of alginate microspheres from atomized
droplets created using the ultrasonic atomizer due to ultrasonic waves.
To optimize the particle size distribution of alginate microspheres,
different instrumental parameters like frequency, flow rate, the distance
of crosslinking were evaluated. Ultrasonic atomizer was utilized as
described previously to co-immobilize FITC-dextran, which acts as a
pH-sensitive fluorophore along with His-Nus-OPH.

3.6. Characterization of alginate microspheres

SEM analysis was performed to observe the encapsulation of His-
Nus-OPH into the alginate microspheres revealing the spherical sha-
ped porous microspheres of His-Nus-OPH ranging from 7 to 37 pm, and
the average size of the particle was found to be 18.8 pm (Fig. 5 a-b).
Moreover, the spherical morphology has been reported to enhance the
stability and mechanical strength of the constituents [49]. Higher
porosity of the alginate microsphere aids in the transport of analyte and
product across the beads for continuous catalysis by the enzymes. The
encapsulated FITC-Dextran and FITC-Dextran/His-Nus-OPH were char-
acterized by confocal laser scanning microscopy (CLSM), which
confirmed the successful incorporation of FITC-Dextran/His-Nus-OPH in
the alginate microspheres (Fig. 5¢ and d). The CLSM analysis revealed
that FITC-Dextran and FITC-Dextran/Nus-OPH microcarriers have
typical particle sizes ranging from 3 to 22 pm and 10.7-30.4 pm,
respectively, and average particle sizes of 13.0 pm and 20.5 pm,
respectively.

Encapsulation efficiency is the percentage of protein that is suc-
cessfully entrapped into the microspheres, which was determined in this
study (Fig. 5e, lane 3 and 4 to 6). Subsequently, we estimated the
encapsulation efficiency of His-Nus-OPH into the alginate microspheres
by boiling the alginate microspheres and running these on 8% SDS-
PAGE, along with input and wash controls (Fig. 5e). In general, we
observed 10-20% encapsulation efficiency, and this value was used to
calculate the amount of protein present inside alginate microspheres
after encapsulation.
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Fig. 4. Colorimetric activity assay of solution-phase His-Nus-OPH with different substrates. His-Nus-OPH with 1 mM substrate in the presence of CHES buffer, pH
9.0, at 37 °C for 5 min (a) 1 mM of ethyl paraoxon (b) 1 mM of methyl parathion. The values are represented as the average of duplicate samples, and the standard
deviation is indicated by error bars. A representative result is shown based on at least three separate experiments.
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FITC-Dextran encapsulated alginate
microspheres

FITC-dextran/His-Nus-OPH
encapsulate alginate microspheres

Fig. 5. Encapsulation and Characterization of His-Nus-OPH and FITC-dextran/His-Nus-OPH. SEM images of His-Nus-OPH loaded alginate microspheres with 0.7%
alginate. Spherical shaped beads were observed in SEM. (a-b) His-Nus-OPH loaded alginate microspheres at 513 X and 55 K X magnification, respectively. (¢) CLSM
image of FITC-Dextran loaded alginate microcarriers at 60 X. (d) CLSM image of FITC-Dextran/His-Nus-OPH loaded alginate microcarriers at 60 X. At least three
independent experiments were performed, and a representative result is shown. (e) Analysis of His-Nus-OPH loaded alginate microspheres using SDS PAGE. Lane 1:
Unencapsulated His-Nus-OPH in wash 1 after buffer exchange, lane 2: protein marker, lane 3: input sample, lane 4 to 6: encapsulated His-Nus-OPH, lane 7: 2 pg

of BSA.
3.7. Colorimetric biosensing of ethyl paraoxon and methyl parathion

Colorimetric biosensing of His-Nus-OPH was performed with 0.005,
0.025, 0.05, 0.5 and 1 mM of ethyl paraoxon and methyl parathion,
respectively, and specific activity with respect to the aforementioned
concentrations was found to be 0.72, 4.02, 7.47, 85.06, 155.25 U/mg
with ethyl paraoxon and 0.56, 2.01, 6.13, 18.50, 35.05 U/mg for methyl
parathion (Fig. 6a and b). Colorimetric biosensing of encapsulated His-
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Nus-OPH was performed with 0.1, 0.25, 0.5 0.6, 0.75, 0.8, 1 mM of ethyl
paraoxon and 0.005, 0.01, 0.025, 0.05, 0.2, 0.3, 0.6, 0.8, 1 mM methyl
parathion, respectively, and specific activity with respect to the after
mentioned concentrations was found to be 1.07, 2.25, 4.15, 5.19, 6.32,
6.9 and 8.3 U/mg with ethyl paraoxon (Fig. 7a), and 0.07, 0.12, 0.34,
0.72, 1.67, 2.97, 4.77, 6.37 and 8.66 U/mg for methyl parathion
(Fig. 7b).

The detailed parameters such as linear range, sensitivity, LOD, and
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Fig. 6. Colorimetric activity assay of solution-phase His-Nus-OPH with different substrate concentrations. His-Nus-OPH with 0.005, 0.025, 0.05, 0.5, and 1 mM of
the substrate in the presence of CHES buffer pH 9.0, at 37 °C for 5 min. (a) With ethyl paraoxon (b) With methyl parathion. The values are represented as the average
of duplicate samples, and the standard deviation is indicated by error bars. A representative result is shown based on at least three separate experiments.
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Fig. 7. Colorimetric activity assay of encapsu-
lated His-Nus-OPH with different substrate con-
centrations. (a) Activity assay of His-Nus-OPH
with 0.1, 0.25, 0.5, 0.6, 0.75, 0.8 and 1 mM of
ethyl paraoxon, CHES buffer at 37 °C for 10 min.
(b) Activity assay of His-Nus-OPH with 0.005,
0.01, 0.025, 0.05, 0.2, 0.3, 0.6, 0.8 and 1 mM of
methyl parathion, CHES buffer at 37 °C for 20
min. The values are represented as the average of
duplicate samples, and the standard deviation is
indicated by error bars. A representative result is
shown based on at least three separate
experiments.
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linearity of the solution-phase, as well as encapsulated His-Nus-OPH
used in the colorimetric assay for ethyl paraoxon and methyl para-
thion, are given in Table 1A. The linear range for the detection of ethyl
paraoxon was found to be 0.005-1 and 0.1-1 mM in the solution-phase
and encapsulated phase, respectively. The change in the linear range for
encapsulated His-Nus-OPH can be attributed to the diffusion barrier for
both analyte and product in the catalytic reaction. Similarly, for methyl
parathion linear range was 0.005-1 mM in the case of purified His-Nus-
OPH enzyme in both solution-phase and encapsulated forms. In general,
better detection limits are observed for encapsulated His-Nus-OPH
compared to solution-phase His-Nus-OPH, that is, 0.039 and 0.049
mM for encapsulated His-Nus-OPH compared to 0.045 and 0.101 mM
for solution-phase His-Nus-OPH, w.r.t. ethyl paraoxon and methyl
parathion, respectively. It is observed that the assay with solution-phase
and encapsulated His-Nus-OPH is more sensitive with greater linearity
and lower LOD for ethyl paraoxon compared to methyl parathion. This
difference between ethyl paraoxon and methyl parathion substrates is
most likely due to the unfavourable interaction of methyl parathion in
comparison to ethyl paraoxon with the enzymatic active site involved in
the catalytic degradation of OPs. A previous report has indicated that the
binding pocket of the OPH enzyme may preferably bind to larger sub-
strates having ethoxy groups, such as ethyl paraoxon, compared to
smaller substrates like methyl parathion [50]. The response time for the
purified enzyme was found to be about 5 min, for both paraoxon and
methyl parathion, in the solution phase. For the encapsulated enzyme,
however, the response time for ethyl paraoxon and methyl parathion,
respectively, was 10 min and 20 min. The increase in response time in
the encapsulated phase is likely due to the additional diffusion barrier of
alginate microspheres for interaction with the substrates.

3.8. Fluorescence biosensing of ethyl paraoxon and methyl parathion

The assay was developed based on a decrease in fluorescence in-
tensity of pH-sensitive fluorophore FITC-dextran [51]. Upon the

Table 1
Biosensing parameters of His-Nus-OPH.
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interaction of OPH with OP compounds, a decrease in pH of the solution
occurs due to the release of protons with the concurrent release of
p-nitrophenol [52]. The resultant drop in pH causes protonation of
negatively charged FITC results in quenching of fluorescence, and this
phenomenon was exploited to detect the presence of OPs (Fig. 8) [53].
To know optimum buffer and reaction conditions for fluorometric
detection of OPs using His-Nus-OPH in solution-phase, we initially
tested for a decrease in the fluorescence values (if any) of FITC in the
different buffer concentrations. The reaction mixture was prepared with
0.1 mM CoCly, 1 mM ethyl paraoxon, His-Nus-OPH, FITC-dextran, and
sterile distilled water up to 1 ml. We used 0 mM, 10 mM, and 50 mM
activity buffer (CHES), respectively, and measured loss in the fluores-
cence values. It was observed that the reaction mixture with 0 mM CHES
buffer showed a greater decrease in the intensity in comparison to the
reaction mixture with the 10 and 50 mM concentration of CHES buffer in
it. This could be because the presence of buffer neutralized the H' ions
released during the reaction due to the inherent buffering capacity of the
buffers. It is observed that the interaction of His-Nus-OPH with OP
compounds such as ethyl paraoxon result in a decrease in fluorescence
intensity of FITC dye over a time period of 0-20 min due to the pro-
gressive release of H' ions by the hydrolysis of OP compounds (Fig. 9 a,
b). Thus, for all fluorescent sensing experiments, no CHES buffer was
used. Moreover, when His-Nus-OPH:FITC (1:12) was used in
solution-phase with 0.001, 0.005, 0.025, 0.05, 0.1, 0.3, 0.5 mM of ethyl
paraoxon and 0.005, 0.025, 0.05, 0.1, 0.5 mM of methyl parathion,
respectively, the rate of fluorescence decay increased with the concen-
tration of substrate (Fig. 10 a, b). The 1:12 ratio of His-Nus-OPH: FITC
was selected to optimize for good sensitivity [54].

Fluorescence-based bio-sensing of His-Nus-OPH with different con-
centrations of ethyl paraoxon and methyl parathion showed a linear
range of 0.001-0.5 mM and 0.005-0.5 mM, respectively. The LOD of
bio-sensing was 0.014 mM for ethyl paraoxon and 0.044 mM for methyl
parathion, and the sensitivity defined as the slope of the linear con-
centration curve [55] was 95.96%/mM for ethyl paraoxon and

Table 1 A Colorimetric biosensing parameters of solution-phase and encapsulated His-Nus-OPH

S. No. Sample Substrate LOD (mM) Sensitivity (U/mg/mM) Linear range (mM) Response time (Minutes) Linearity (Rz)

1 Solution-phase His- Nus-OPH Ethyl paraoxon 0.045 155.3 0.005-1 5 0.9977
Methyl parathion 0.101 34.6 0.005-1 0.9888

2 Encapsulated His-Nus-OPH Ethyl paraoxon 0.039 7.9 0.1-1 10 0.9983
Methyl parathion 0.049 8.6 0.005-1 20 0.9936

Table 1 B Fluorometric biosensing parameters of solution-phase His-Nus-OPH

S. No. Sample Substrate LOD (mM)
1 Solution-phase His-Nus-OPH Ethyl paraoxon 0.014 95.96
Methyl parathion 0.044 47.2

Sensitivity (%/mM)

Linearity (R%)
0.9982
0.9898

Linear range (mM) Response time (Minutes)
0.001-0.5 5
0.005-0.5 5
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Fig. 9. Optimization of the concentration of CHES buffer for solution-phase His-Nus-OPH fluorescence assay. Fluorescence activity assay of solution-phase His-Nus-
OPH enzyme detected using FITC, a pH-sensitive dye. With an increase in enzymatic activity, there is a decrease in pH which eventually results in a decrease in
fluorescence intensity of FITC. (a) 0 mM CHES buffer was used at 37 °C, for 20 min with an interval of 5 min with ethyl paraoxon, and with an increase in time,
fluorescence intensity was decreased. (b) 0 mM, 10 mM, and 50 mM CHES buffer were used at 37 °C, pH 9.0 for 20 min with an interval of 5 min with ethyl paraoxon.
The decrease in the intensity of FITC was more in the case of the reaction mixture in which a 0 mM CHES buffer was used. The values are represented as the average
of duplicate samples, and the standard deviation is indicated by error bars. A representative result is shown based on at least three separate experiments.
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47.18%/mM for methyl parathion, respectively. The fluorescence in- ethyl paraoxon compared to methyl parathion. Incidentally, the
tensity of FITC decreased linearly with an increase in the concentration encapsulated His-Nus-OPH microspheres did not show expected bio-
of ethyl paraoxon or methyl parathion. Due to the increase in enzymatic sensing response in the fluorescence assay, which can be postulated to
activity, there is a decrease in pH, which eventually results in a decrease be because of interference of polymer in pH-based detection.
in the fluorescence intensity of FITC. The detailed parameters such as
linear range, sensitivity, LOD, and linearity of the solution-phase His-- 4. Discussion
Nus-OPH used in fluorescence assay with ethyl paraoxon and methyl
parathion are given in Table 1B. It is observed that the assay with In this study, we have demonstrated that His-Nus-OPH can show
His-Nus-OPH is more sensitive with greater linearity and lower LOD for improved solubilization by including a NusA tag and yields enhanced
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enzymatic activity for the degradation of organophosphate compounds.
Incidentally, we observed that soluble protein was obtained when in-
duction was performed at a lowered temperature of 16 °C compared to
37 °C. This is attributed to increased solubility of protein at lower
temperatures owing to increased expression of chaperones in E. coli
[56], reduced effect of heat shock proteases, and increased stability
favouring proper folding patterns [57,58]. Additionally, growth at lower
temperatures from 15 to 23 °C, brings a significant reduction in degra-
dation of the expressed protein [59,60]. These factors allowed the
proper solubilization of protein when induction was performed at 16 °C.

Alginate encapsulation has generally been used in a variety of ap-
plications in the literature, such as controlled drug release, oil encap-
sulation, nanoparticles, cells, and enzymes [61-68]. Many of these
reports have focused on encapsulation with calcium alginate. In this
report, we have successfully encapsulated FITC Dextran with or without
His-Nus-OPH in sodium alginate beads, which poses an important
advantage in terms of water solubility when compared to calcium algi-
nate [69], resulting in decreased fluorescence quenching, higher fluo-
rescence intensity when used with fluorescent dyes, and enhanced
chemical availability for the encapsulated enzyme [70,71]. FITC has
been known to be a versatile fluorophore with properties like pH
sensitivity, the capability to conjugating polymer matrices, and ease of
characterization by fluorometry and fluorescence microscopy.
FITC-dextran (500 kDa) is also known to have similar fluorescence
properties as FITC itself while having advantages in terms of water
solubility, inert nature, non-toxicity, and reduced leachability from
alginate matrices [72,73]. Co-immobilization of FITC-dextran with
His-Nus-OPH has been shown in this report to aid in developing a
fluorescent assay for the detection of OP compounds. The fluorescence
of FITC-dextran is pH-dependent. Below pH 3, fluorescence intensity is
minimum. At pH 4 and above, there is a linear increase in fluorescence
intensity, which saturates at pH 8-9. In essence, acidic pH leads to loss of
fluorescence intensity due to protonation of FITC, and basic pH leads to
higher fluorescence intensity due to conversion into a mono-anionic or
di-anionic form [53,74].

With respect to the colorimetric assay, an increase in the specific
activity is observed with an increase in substrate concentration of ethyl
paraoxon and methyl parathion due to the progressive access of sub-
strate to the active sites of His-Nus-OPH. Consequently, the intensity of
the yellow colour observed due to the production of p-nitrophenol also
increases. Interestingly, it is observed that in the colorimetric tests, the
sensitivity of the encapsulated His-Nus-OPH is lower than that of soluble
His-Nus-OPH. Moreover, a higher response time was seen for the
encapsulated His-Nus-OPH compared to the soluble enzyme. This may
be due to the loss of some enzyme activity to the substrate after
encapsulation [75]. Nevertheless, the encapsulated enzyme does exhibit
improvements in terms of LOD while maintaining similar linearity as the
solution-phase His-Nus-OPH.

Typically, using fluorescence techniques for the detection of OP
compounds should provide a lower detection limit which can also be
seen in the current study. Use of His-Nus-OPH enzyme in the fluores-
cence assay demonstrated a lower LOD of 0.014 mM and 0.044 mM for
ethyl paraoxon and methyl parathion, respectively, which was found to
be superior compared to the colorimetric biosensing. The linear range
and response time in both colorimetric and fluorescent sensing both are
comparable (5 min) which is mainly a function of enzyme activity of His-
Nus-OPH. The results also clearly indicate that although both colori-
metric and fluorometric methods can be used for estimation, however,
owing to its sensitivity, FITC dextran-based estimation would be pref-
erable for the development of biosensor assays and devices.

5. Conclusion
In this study, it is demonstrated that NusA-tagged OPH (His-Nus-

OPH) was found to be soluble and hence purified to be used in colori-
metric and fluorometric assays for organophosphate detection. We have
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demonstrated that His-Nus-OPH yields enhanced enzymatic activity for
the degradation of organophosphate compounds while being a good
candidate for use as a colorimetric biosensor when encapsulated with
alginate microspheres. Our study indicates good specific activity for the
purified His-Nus-OPH, i.e. 333 U/mg and 90.2 U/mg for ethyl paraoxon
and methyl parathion, respectively. Solution phase His-Nus-OPH protein
and protein encapsulated using a novel method of ultrasonic atomiza-
tion was used in a colorimetric assay where encapsulated protein gave
improved LOD than solution-phase His-Nus-OPH with a similar linear
range of substrates. A fluorescence-based method was also established
using FITC dextran for solution-phase His-Nus-OPH. Fluorescence
emission drop suggested a linear decrease over a concentration range of
0.001-0.5 mM in the case of ethyl paraoxon, and 0.005-0.5 mM in the
case of methyl parathion, respectively. As expected, the limit of detec-
tion was found to superior for fluorescence assay than a colorimetric
assay for ethyl paraoxon and methyl parathion. The results indicate that
the NusA-tagged OPH enzyme can be used in both colorimetric and
fluorescence-based sensor systems with good detection limits, response
time, and linearity. Future research efforts to further enhance the per-
formance should be focused on structural modifications to enhance the
catalytic activity, as well as enhancing the long-term stability of the
sensor.
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