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Abstract Rapid detection of organophosphorous (OP) compounds such as paraoxon would
allow taking immediate decision on efficient decontamination procedures and could prevent
further damage and potential casualties. In the present study, a biosensor based on
nanomagnet-silica core-shell conjugated to organophosphorous hydrolase (OPH) enzyme
was designed for detection of paraoxon. Coumarinl, a competitive inhibitor of the OPH
enzyme, was used as a fluorescence-generating molecule. Upon excitation of cumarin] located
at the active site of the enzyme, i.e., OPH, the emitted radiations were intensified due to the
mirroring effect of the nanomagnet-silica core-shell conjugated to the enzyme. In presence of
paraoxon and consequent competition with the fluorophore in occupying enzyme’s active site,
a significant reduction in emitted radiations was observed. This reduction was proportional to
paraoxon concentration in the sample. The method worked in the 10- to 250-nM concentration
range had a low standard deviation (with a coefficient of variation (CV) of 6-10 %), and the
detection limit was as low as 5x 107 pM.
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Introduction

Organophosphorous (OP) compounds are widely used as pesticides, insecticides, and chemical
warfare agents. Some members of this class are extremely toxic to mammals. Technically,
these neurotoxins are powerful inhibitors of esterases, such as acetylcholinesterase (AChE) or
butyrylcholinesterase (BChE) involved in nerve function [1]. OP is a naturally degradable
compound; however, due to its heavy application in urban and rural areas, a considerable
amount of OP residues could also be found in soil and water. Hence, accurate detection of even
very low concentration of such compounds in the environment is of crucial importance.

Sensitive biosensors based on AChE or BChE inhibition have been developed for OP
detection [2-5]. A number of other enzymes such as urease and glucose oxidase have also
been also used in inhibition-based biosensors for OP neurotoxins [6, 7]. Basically, in the
inhibition-based biosensors, the OP agents interact with the active site of the enzyme, resulting
in loss of enzyme activity and hence a decrease in sensor signals. Moreover, a class of
enzymes, namely, organophosphorous hydrolases (OPHs), has been increasingly used to
develop biodetection systems for OPs. It is a homodimeric enzyme that can degrade a broad
spectrum of organophosphorous pesticides such as paraoxon, parathion, coumaphos, and
diazinon and has been first isolated from Pseudomonas diminuta MG and Flavobacterium
sp. ATCC 27551 [8].

Immobilization of proteins, e.g., enzymes onto solid supports, has been found advantageous
for a wide variety of biosensing [9]. Enzyme immobilization could lead to favorable or
unfavorable physical and chemical changes in enzyme properties such as stability and activity
[10]. In other words, some immobilization or entrapment methods could cause significant
structural deformation of the enzyme, leading to reduced enzymatic activity or vice versa.
Therefore, significant optimization of the immobilization method is often required [11, 12].
Chemical immobilization generally involves enzyme attachment to a matrix such as nanopar-
ticles via cross-linking or covalent bonding. Moreover, surface modification of nanoparticles is
one of the key technologies to achieve optimized immobilization of enzymes and consequently
spread their applications. Among various nanoparticles, silver-silica core-shell was regarded
promising for development of nanobiosensors due to its intensified fluorescence signals caused
by the silica layer [13]. Furthermore, organic molecules such as enzymes could be attached to
this silica layer via covalent [14] or hydrogen bonding [15] .

In this investigation, in an effort to further reduce the detection limit of an OPH-gold
nanoparticle (AuNP) nanobiosensor previously reported by our team [16], OPH enzyme was
immobilized on nanomangetic-silica core-shell (Fe;04-silica NPs). The detection mechanism
of'this system was essentially based on the replacement of a competitive inhibitor of OPH, i.e.,
coumarinl (a fluorophore, with a similar chemical structure to OP), by paraoxon and conse-
quent change in fluorescence intensity. In fact, the silica layer would act as a diamond-like
intensifier of the generated signals (Scheme 1). Finally, the performance of the developed
OPH-(Fe;04-silica NP) nanobiosensor was evaluated under different conditions such as pH,
temperature, and solvents.
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Scheme 1 Schematic presentation of the mechanism of the proposed Fe;04-SiO,/APTES/GTA/OPH nanobio-
sensor for the detection of paraoxon. The fluorescence intensity of the system increases and then decreases upon
the conjugation of coumarinel and paraoxon with the nanobiosensor, respectively

Material and Methods

OPH was extracted from Pseudomonas diminuta and purified as described by [16]. Paraoxon
was purchased from Sigma-Aldrich (USA). Tetraethoxysilane (TEOS) and (3-
aminopropyl)triethoxysilane (APTES) were obtained from Merck (Germany). All the solutions
were prepared using redistilled water.

Synthesis of Fe;04 NPs

Ten milliliters of NH; was added quickly into 50 ml of the prepared Fe(IIl)/Fe(II) solution (2:1
molar ratio, respectively), under vigorous stirring and N, purging [17]. pH was then adjusted
to 9 and stirred for 1 h at room temperature. The prepared Fe;0, NPs were then removed using
a magnetic bar and washed with distilled water three times to remove un-reacted materials. The
Fe3;04 NPs were then sonicated for 10 min in presence of 1.5 mM trisodium citrate solution as
a stabilizer using a probe type Hielscher sonicator (Germany) (50 kHz, 0.5 cycle). Character-
istics of NPs were investigated by TEM and SEM.

Synthesis of Fe;04-SiO, Core-Shell

Twenty milligrams of Fe;O4, NPs was added into 1.5 mM trisodium citrate solution
and ethanol (4:1) and was sonicated for 20 min; upon complete dispersion of the
Fe;04 NPs, 50 pl of NH; was added into the mixture and was stirred gently.
Subsequently, 200 ul TEOS was added and stirred for 3 h followed by an addition
of 10 pul APTES [18].
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Preparation of Nanobioconjugate: Fe3;04-SiO,/APTES/GTA/OPH

OPH enzyme was immobilized on APTES-activated silica surface of the Fe;04-SiO, core-
shell using glutaraldehyde (GTA) as cross-linker. The Fe;04-SiO, core-shell solution was
added to excess amount of GTA (100- to 1000-fold higher than the concentration of Fe;Oy-
SiO, core-shell) and was gently stirred for 12 h. Then, product was then washed with
deionized water and centrifuged to remove un-reacted GTA. Fourier transform infrared
(FTIR) was used to conform the attachment between Fe;Oy4-silica NPs and GTA. The
Fe;04-SiO, core-shell-GTA solution was then added to OPH enzyme in 0.4 mg dinitropyri-
dine solution as a catalyst and was stirred slowly for 4 h. Then, 4 mg NaBH, was included into
the solution for 1 h.

Paraoxon Detection and Nanobiosensor Evaluation

Fluorescence intensity (FI) of a 50-pmol solution of coumarinl in Tris-HCI buffer (50 mM,
pH 8.0) was recorded on a spectrofluorometer. The sample was then excited at 380 nm and
emission spectrum was recorded in 400—600 nm. Excitation slit and emission slit were selected
as 5 and 10 nm, respectively. Then, a 10-pl sample of the nanobioconjugate was added and
emission of coumarinl was recorded as mentioned above. Different concentrations of para-
oxon solution (0, 10, 50, 100, 150, 200, and 250 nM) were prepared and then sequentially
added to a solution containing coumarinl as well as the nanobioconjugate in order to
determine the detection limit. Emission spectrum of coumarinl was also recorded at each
concentration of paraoxon as a standard curve for estimation of paraoxon concentration in
serum samples. Limit of detection (LOD) was measured based on the equation LOD=3S; K,
where S, is the standard deviation of blank measurements (n=6) and K is the slope of
calibration curve [19, 20].

The performance of the developed Fe;0,4-SiO,/APTES/GTA/OPH nanobioconjugate was
evaluated using real samples. More specifically, human sera were collected from healthy
individuals living in OP-free regions and then treated with increasing concentrations of
paraoxon solution (10 to 250 nM). The paraoxon-treated serum samples were then added to
the reaction mixture containing coumarinl and the nanobioconjugate, and the fluorescence
intensity of coumarinl was recorded for each serum sample as described above. Untreated
serum samples were used as control or blank.

Kinetic Studies

Kinetics of free and nanoconjugated OPH were studied at different temperatures (30, 37, 40,
45, 50, 70, 90 °C) and pH (3—11 with 1 interval) and in presence of a number of solvents
(methanol, 2-propanol, and ethanol). The activity of the free and nanoconjugated OPH was
measured based on hydrolyzing rate of paraoxon as depicted in the following reaction:

Paraoxon 25 Diethyl phosphate -+ p-nitrophenol

The change in absorbance of p-nitrophenol at 410 nm (e410=16,500 M' cm ") was
measured using a spectrophotometer (Shimadzu; UV-3100, Japan)
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Results and Discussion

In the present study, OPH enzyme was immobilized on APTES-activated silica surface of
the Fe;04-Si0, core-shell using GTA as cross-linker. As there is a large number of
hydroxyl functional groups on the silica surface, the attachment of enzyme NH, groups
to the silica particles would not be feasible. Therefore, we activated the silica surface by
using APTES. In fact, NH, groups were added onto the silica surface through the
APTES-mediated activation procedure. Then, the enzyme’s NH, groups and those
already seated into silica surface were attached using GTA. Enzyme immobilization onto
NPs by GTA linker has been shown to lead to higher enzymatic activity compared to free
enzymes.

Confirmation of Fe;O4 NPs and Fe;04-SiO, Core-Shell Synthesis

Figure 1 confirms the size and uniformity of the synthesized Fe;04 NPs as examined by
using TEM. The size of the NPs were measured in the range between 20 to 50 nm.
Figure 2 presents the SEM micrograph (a) and TEM micrograph (b) of the synthesized
Fe304-Si0O, core-shells. The size of the core-shells was measured at 20 nm with the
thickness of the shell estimated at 0.1 nm. As clearly observed, all the core-shells were
uniform in size and shape. This could play an important role in intensifying the
fluorescence consistently.

In fact, this study was inspired by that of [21], in which the authors used silver-silica
core-shells to intensify the fluorescence. Replacing silver NPs by Fe;O4 NPs in the
present study not only implies the possibility of using other metal NPs in order to
achieve the same objective as that of [21], but also would offer additional advantages
considering the unique features of Fe;O4 NPs, e.g., facilitated isolation of nanobiocon-
jugates from a medium.

Fig. 1 TEM micrograph of the synthesized Fe;04 NPs
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Fig. 2 a SEM and b TEM micrographs of the synthesized Fe;0,4-SiO, core-shells

Conjugation of Fe;04-SiO, Core-Shells and OPH

Successful production of Fe;0,4-SiO,/APTES/GTA/OPH nanobioconjugates was revealed by
FTIR analysis as shown in Fig. 3. The C—H stretching observed at 2940 cm ' represents the
presence of GTA in the nanobioconjugates produced. However, since there is no peak at
1715 cm ™" region representing the GTA’s carbonyl functional group, it could be concluded that
a Schiff base bond was formed between GTA and the OPH enzyme.

Nanobiosensor Evaluation

As shown in Fig. 4a, maximum coumarinl fluorescence intensity was observed at 470 nm. By
addition of the nanobioconjugate to coumarinl, the fluorescence intensity increased signifi-
cantly, revealing the intensifying impact of Fe;04-SiO, core-shells on the fluorescence
emission of coumarinl (Fig. 4a). Subsequently, different concentrations of paraoxon (0, 10,
50, 100, 150, 200, and 250 nM) were added to the mixture of coumarinl-nanobioconjugate,
and normalized fluorescence intensities were estimated. In fact, in presence of paraoxon,
which has a high affinity for the active site of the OPH enzyme, coumarinl with less affinity
would simply leave the enzyme’s active site. Therefore, even at the least concentration of
paraoxon tested (10 nM), a noticeable reduction in the coumarinl fluorescence intensity was
achieved. Changes in coumarinl fluorescence intensity were directly proportional to the final
concentration of paraoxon in the solution (Fig. 4a, b). The linear changes in the fluorescence
intensity of coumarinl after the addition of different concentrations of paraoxon to nanobio-
conjugate could be described by the Eq. 1:

y=-2.2077x +929.64 (R* = 0.9882) (1)

where y is the fluorescence intensity and x is the concentration of paraoxon. The calibra-
tion curve developed was also used for estimation of paraoxon concentration in the real
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Fig. 3 FTIR spectrum of a Fe;04 NPs and Fe;04-SiO, core-shells, b APTES and Fe;0,4-SiO,/APTES, and ¢
Fe;0,4-Si0,/APTES/GTA/OPH nanobioconjugate

serum samples. The results obtained are summarized in Table 1. The low coefficient of
variation (CV) value achieved (6-10 %) confirmed the precision of the designed nano-
biosensor in determination of paraoxon concentration in human sera. Additionally, low
relative CV% (n=6) showed excellent data reproducibility. Moreover, it was revealed that
naturally existing compounds in serum did not cause significant interferences in
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Fig. 4 a Changes in the fluorescence intensity of coumarinl in the absence and the presence of different
concentrations of paraoxon (0, 10, 50, 100, 150, 200, and 250 nM), and b the linear changes in the fluorescence
intensity of coumarinl after the addition of different concentrations of paraoxon to the nanobioconjugate used as
the standard curve

determination of paraoxon by spectrofluorometer. Overall, the high sensitivity along with
simple, direct determination as well as one-step protocol is the main advantages of the
newly-designed nanobiosensor.

Limit of detection (LOD) was also measured at 5x10°® uM, based on the equation
explained earlier. Overall, the intensifying impact of the Fe;04-SiO, core-shells on the
fluorescence emission of coumarinl played an important role in functionality of the
developed nanobiosesor. This could explain the lower detection limit achieved using the
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Table 1 The results of estimation

of paraoxon concentration in human Sample  Paraoxon conc.  Paraoxon conc. CV (%)
serum samples (real value; nM)  (estimated value) Mean=SD

Sl 10 11+0.5 10

S2 50 4745 6.0

S3 100 107+7 7.0

S4 150 161+9 7.3

S5 200 218+22 9.0

S6 250 270+27 8.0

CV coefficient of variation

present nanobiosensor in comparison with those of the previous investigations (Table 2)
[9, 16, 22-32].

As seen in the Table 2, in our previous study, the detection mechanism was based on the
quenching properties of the AuNPs, and therefore, the maximal fluorescence intensity
achieved was solely determined by the intrinsic fluorescence intensity of coumarinl. On the
other hand, in the present study, the intrinsic intensity of coumarinl was significantly
magnified through the presence of the Fe;04-SiO, core-shells. In fact, by enhancing the signal
(e.g., the fluorescence intensity), sensitivity could be increased and lower detection limits
could be achieved. On such basis and as a result of the magnified fluorescence intensity of
coumarinel in the present study, lower concentrations of paraoxon could be detected (Table 2).

Kinetic Studies

Figure 5 represents the comparison of the activity of the free OPH enzyme and its nanobio-
conjugate counterpart, i.e., Fe304-SiO, core-shell-OPH under different conditions including
pH (3—11) (Fig. 5a) and temperature (25-90 °C) (Fig. 5b) and in presence of a number of
solvents (methanol, 2-propanol, and ethanol). The optimum pH and temperature values for
both free and nanobioconjugated OPH to achieve the highest enzymatic activity were 8 and
37 °C, respectively. However, in comparison with free OPH, the Fe;04-SiO, core-shell-OPH
withstood wider pH (4-8) and temperature (>50 °C) ranges. Moreover, in terms of the enzyme
resistance in presence of solvents, the nanobioconjugated enzyme performed significantly
better when exposed to ethanol and maintained its activity almost intact at different solvent
percentages tested. On the contrary, the activity of the free enzyme was reduced by half due to
the increasing ethanol concentration up to 25 % in the environment (Fig. 5c). As for 2-
propanol, the nanobioconjugated enzyme showed an overall better performance when com-
pared to the free one, but both were negatively affected due to the chemical exposure.
Nanobioconjugation did not seem to have improved OPH resistance to methanol as presented
in Fig. 5d. This could be ascribed to strong solvency characteristics of methanol in comparison
with the other two solvents tested. In other words, methanol possesses the smallest molecule
among the investigated solvents and as a result is more capable of forming hydrogen bonds
and consequently reducing enzymatic activity. Figure 6 shows the enzymatic kinetic param-
eters (K, Vmax» and kg, for both free and nanobioconjugated enzyme. As seen, the
nanobioconjugation procedure practiced significantly improved the kinetic parameters of the
OPH enzyme.
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Fig. 5 Comparison of the activity of the free OPH enzyme and its nanobioconjugated counterpart at different a
pH (3—11) and b temperatures (30, 37, 40, 45, 50, 70, 90 °C), and ¢, d under the influence of different solvents
(methanol, 2-propanol, and ethanol)

Conclusion

A new spectrofluorometric OPH-based assay for accurate direct detection of paraoxon is
described. Having compared the OPH-based biosensors reported elsewhere with the nanobio-
sensor developed in the present study, the enhancing role achieved herein was ascribed to the
magnet-silica core-shell used. Moreover, in this study, the immobilization of the OPH enzyme
on the Fe;04 NPs was found to have improved the catalytic activity of the enzyme consid-
erably under different conditions (i.e., pH, temperature, and solvent presence). As a whole, the
low detection limit in order of 10°® M paraoxon, simple fabrication method, and analysis

0.25 4
y=0.2828x+0.0143 A Bioconjugate ® Free Enzyme

0.2 4

0.15 4
W

0.1 4

005 | y =1.4187x+ 0.0586
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/18]

Fig. 6 The enzymatic kinetic parameters (K, Vinax, and ke,) of the free OPH enzyme and its nanobioconjugated
counterpart
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combined with the unique features of Fe;04 NPs (e.g., facilitated isolation of nanobioconju-
gates from a medium) could introduce the present OPH-conjugated nanomagnet-silica core-
shell (with Cumarinl as decoy), as a strong tool for high-throughput detection of paraoxon.
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