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We have developed an easily scalable chromogenic probe for the dual-mode sensing of Spilosoma
obliqua Nuclear polyhedrosis viruses (SpobNPV) in agueous media. The mechanistic investigations estab-
lish that the imidazole-mediated hydrolysis of acyl ester linkage in which water (general base) acts as a
nucleophile induces a pronounced change in the emission colour from blue to cyan. To the best of our
knowledge, this is the first attempt at quantifying OBs of SpobNPV using a small molecule-based optical
probe with a detection limit of 2.305 x 10° OBs mL™. The rate of ester hydrolysis was dependent on both
substrate and OBs concentration. Due to the naked eye response, paper strips were also developed for

the rapid and onsite detection of SpobNPV. The operation procedure is straightforward and does not
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involve additional sample preparation steps. This makes the present protocol suitable for daily use.
Interestingly, the present protocol is also quite efficient in estimating SpobNPV, even in several agricultural
crop samples (for at least 15 crops). Such findings will add a new dimension to better managing
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Introduction

The economic growth of many countries mainly depends on
their agriculture. Moreover, it employs nearly 50% of its popu-
lation in many countries. However, every year, the loss of crops
due to pest attacks has remained one of the significant chal-
lenges faced by the farming community of India." Among
various insect pests, Spilosoma obliqua (Walker) is a sporadic
and polyphagous insect pest widely distributed throughout
India. It is reported to feed on 126 species of plants belonging
to 25 families, including pulses, oilseeds, cereals, vegetables,
mulberry, turmeric, and medicinal and aromatic plants and
causes heavy economic loss.>® The caterpillars feed gregar-
iously during the early larval stages and solitarily in the late
larval stages. However, chemical pesticides are no longer con-
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Spilosoma obliqua and minimizing the extent of crop loss.

sidered sustainable since several agrochemicals, when used
continuously and indiscriminately, have developed resistance
and caused severe environmental problems.*® Consumer
concern about the chemical pesticide residues on food further
drives the search for an alternative pest control method.

New research suggests that bio-control technology using
insect viruses could be an effective and environmentally
friendly alternative for managing harmful pests. Spilosoma
obliqua nucleopolyhedrovirus is one of the microbial pesticides
known to be effective against Spilosoma obliqua. The main
advantage of using this biopesticide over chemical pesticides
is that it is inherently non-toxic and can produce minimal
environmental pollution. Unlike chemical pesticides, nucleopo-
lyhedroviruses (NPVs) are highly host-specific and non-patho-
genic to other beneficial insects and non-target organisms
such as humans, domestic animals, fishes, etc. Moreover,
these biopesticides show no long-term effect on soil or
water.®® As the occlusion bodies (OBs) are the actual structural
units for larval infection, the Environmental Protection Agency
(EPA) has registered the OBs of viruses as the pesticide active
ingredient. Quantifying OBs by counting is one of the reliable
procedures for measuring the potency of a virus suspension
without knowing the concentration of the exact virus
particle.” "2

For bio-molecular analysis (involving a live host), knowing
the actual concentration of OBs present in the aqueous sus-
pension is essential. The presence of any insect pathogen
other than NPV in the production batches can cause a
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reduction in virus productivity. Besides avoiding the pro-
duction of unintended insect pathogens, it is also necessary to
prevent the contamination of the final product, which may
pose a hazard to production staff or end-users.'*'?
Additionally, the large-scale production of viruses also faces
several other unavoidable shortcomings, which can eventually
bring down its quality. For example, the quality of virus pro-
duction depends on the procedure followed during their
culture, the nature of the water used during their preparation,
etc."”>'® Thus, along with the bioassay, which can confirm that
the virus is infective or not, it is also essential to check
whether the desired virus is being produced in sufficient
amount or not. Therefore, quality control for NPVs includes
routine examinations of insect stocks, monitoring colony per-
formance, microscopic studies of insects, routine counting
bioassays, and so on.

Though there have been several reports in the literature on
the occurrence and potential importance of viruses, there still
needs to be more known about the identification and morpho-
logical characterization of these viruses for their better under-
standing and exploitation in the present-day plant protection
strategy. Presently, counting virus particles (OBs) can be
achieved only by using a hemocytometer with improved
Neubauer.'” Even then, the light microscopy-based method
has several disadvantages. Significantly, the use of ‘poor’-
quality microscopes with non-phase optics can add significant
errors in counting. The virus suspension should be pure or at
least semi-pure for the microscopic analysis to avoid confusion
with other polyhedral-like particles (for example, dust or tiny
oil droplets). Moreover, as the size and shape of the OBs can
be different even among the same species, it is often challen-
ging to differentiate them from other polyhedral-like particles.
At the same time, virus suspension should not have any
clumping and aggregation of OBs; otherwise, manually count-
ing the actual number becomes difficult. Again, special care
must be taken to ensure that the microscopy instrument and
its associated accessories, such as coverslips, slides, etc., are
free from dust or dirt particles. Therefore, the maintenance of
all these facilities needs an uninterrupted source of electricity,
specially trained technicians, and a high-quality wet lab facility
for sample analysis, etc. However, despite the abovementioned
limitations, the quality control of NPV is virtually impossible
without involving a light microscope. On the other hand, the
amount of these biopesticides that need to be sprayed over a
particular area in the cultivation field will depend on the con-
centration of OBs present in the supplied formulations.
Importantly, the concentration of OBs in the tentative mixture
may decrease with time due to the attack of other unintended
insect pathogens or over-exposure to the hot and humid
environment and sunlight. Thus, regularly monitoring NPV
levels in the tentative formulations is essential to use them
almost daily. Therefore, there is a need to design new optical
methods for the rapid and cost-effective quantification of
SpobNPV in formulations.

Herein, we have developed a new optical method for the
low-cost and rapid quantification of (SpobNPV) in the formu-
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Fig. 1 (a) The molecular structure of the compounds involved under
investigation. (b) Diagrammatic illustration for the hydrolysis of probe 1
in the presence of SpobNPV.

lations using probe 1 (Fig. 1a). On interaction with SpobNPV,
the probe changes its color from colorless to greenish-yellow.
To the best of our knowledge, this is the first attempt at quan-
tifying OBs of SpobNPV using a small molecule-based optical
probe. We have also developed low-cost, easily portable paper
strips to estimate SpobNPV in the formulations. Moreover, the
present findings could be successfully utilized to detect
SpobNPV in the extract of leaves of 15 different crop samples.

Results and discussion
Interaction of compound 1 with SpobNPV

Herein, we have developed a small molecule-based optical
probe 1 (Fig. 1a) for the dual-mode sensing of Spilosoma
oblique nucleopolyhedrovirus in water. Without virus particles,
the compound remains colorless in water with strong blue
emission (4max = 410 nm). The addition of SpobNPV (from a
stock of 10° OBs mL™") into the aqueous solution of com-
pound 1 rendered a change in the visible color from colorless
to greenish-yellow upon 2 h incubation time at room tempera-
ture (Fig. 2a and b). On the other hand, an aqueous solution
of 1, when treated with SpobNPV (~2 h), showed a change in
the emission color from blue to cyan under UV light (Fig. 2d).
As expected, the addition of SpobNPV resulted in the quench-
ing of emission intensities of 1 at 390 nm and 410 nm bands
with the formation of a new fluorescence band at 510 nm
(Fig. 2c). These characteristic changes in the absorption and
emission signals suggested the formation of a new compound
in the reaction mixture via the hydrolysis of the parent com-
pound (Fig. 1b). In the case of 1, the quantification of the
product formed during the enzymatic hydrolysis could be
achieved using both UV-visible spectrophotometry (absorption
maxima at both 418 and 483 nm) and a conventional lumino-
metry (Apax = 510 nm).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) UV-vis titration of compound 1 (10 pM) with SpobNPV (0-1.3
x 107 OBs mL™) in water. (b) Change in color of the aqueous solution of
1 (10 pM) upon gradually adding SpobNPV in water. (c) Fluorescence
spectral titration of compound 1 (10 uM, dex = 370 nm) with SpobNPV
(0-1.3 x 107 OBs mL™) in water. (d) Change in the color of the aqueous
solution of 1 (10 uM) upon gradual addition of a suspension of SpobNPV
in water under a UV lamp (>365 nm).

Kinetic studies for the interaction of 1 with SpobNPV

An incubation time of 2 h was required because a decrease in
the reaction rate was observed beyond this time, probably due
to the accumulation of the hydrolyzed product. Further, the
time course studies under a pseudo-first-order condition for
the ester hydrolysis reaction with respect to 1 suggested a
common trait for other microbe-catalyzed ester hydrolysis reac-
tions.'® The hydrolysis extent was dependent on the concen-
tration of both 1 (in pM, Fig. 3a, Table Slat) and SpobNPV
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Fig. 3 (a) Effect of the substrate concentration (5—-30 UM, Aex = 370 nm)
on the extent of SpobNPV (1.3 x 107 OBs mL™Y) induced emission
change at 510 nm. (b) Lineweaver—Burk plot for SpobNPV catalysed
hydrolysis of 1 at different substrate concentrations and a fixed concen-
tration of SpobNPV (1.3 x 107 OBs mL™). (c) Effect of temperature on
the extent of change in the emission spectra of 1 (10 pM, Aex = 370 nm)
induced by SpobNPV at 510 nm. (d) The Eyring—Polanyi plot determines
the SpobNPV-mediated ester hydrolysis thermodynamic parameters.
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(in OBs mL™", Fig. S1 and Table S1bt) present in the aqueous
extract. Moreover, the extent of hydrolysis (change in the
visible color and emission intensity) was found to be increased
linearly with the concentration of SpobNPV (0.5-2.0 x 10’ OBs
mL™", Fig. S2at and Fig. 5c). This is indeed an intriguing
observation since it will help to quantify SpobNPV in unknown
analytical samples.

From the concentration variation studies, the limit of
quantification (LOQ) for SpobNPV was estimated at 2.305 x 10°
OBs mL ".'>?° Further, the quantification of dye released
during the enzymatic decomposition was achieved by consid-
ering the extinction coefficient of the dye at both 418 and
483 nm absorption spectral bands. An increase in the rate of
hydrolysis was observed up to a 30 uM concentration of 1
(Fig. 3a). Here also, at low substrate concentration (<1 pM), the
hydrolytic activity was found to be limited by the amount of
substrate available. However, a slight deviation from linearity
was observed when a significantly large amount of virus
(>3.0 x 10’ POBs mL ") was employed, probably due to the
large substrate concentration. The substrate concentration vs.
activity curves for the ester hydrolysis of 1 was found to follow
the Michaelis-Menten equation. Further, the Michaelis con-
stant (K;;,) and maximum reaction rate (Vy,,,) were calculated
from the Lineweaver-Burk plot (Fig. 3b).>* A K, value of 5.39 x
107> M obtained in this case essentially indicated the ‘OBs’ of
SpobNPV were quite effective in catalyzing ester compounds
even in pure aqueous media.

Effect of temperature and pH of the media on ester hydrolysis

Like any other enzymatic reaction, hydrolysis of 1 was also
influenced by the variation in temperature and pH of the
medium.*® Thus, we investigated the interaction kinetics at
different pH levels, keeping the temperature fixed at 313 K and
temperature conditions with a pH fixed at 6.0. An enhance-
ment in the rate of hydrolysis was observed upon increasing
the reaction temperature from 298 to 323 K (Fig. 3c,
Table S2at). However, beyond 340 K, a decrease in the rate of
hydrolysis was observed, which might be due to thermal dena-
turation of the outer protein layer of SpobNPV above 323 K.

Further, the activation energy for hydrolysis was found to
be 12.3 kcal mol™" using the Arrhenius equation (Fig. S3at). In
addition, changes in the thermodynamic parameters were also
calculated using the Eyring Polanyi equation (Fig. 3d).** A
negative value of AS™ indicates the facile formation of the
enzyme-substrate complex when an enzyme binds with the
substrate. The release of translational and rotational energies
during reactant consumption is mainly responsible for the
loss in entropy, a widespread phenomenon during enzymatic
hydrolysis.>**

The effect of pH on the hydrolysis of 1 was also significant
because the H' ion concentration in the reaction media could
influence the ionisation of different functional groups present
on the protein surface of OBs and can further alter the sub-
strate’s ionisation state. As expected, an increase in the rate of
hydrolysis was noticed upon changing the pH of the medium
from 6 to 9 (Fig. S2b and Table S2bt). However, no hydrolysis
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could be discerned below pH 5.0. Under these conditions, the
solubility of OBs was suspected to be relatively low, resulting
in a lower effective concentration of the catalyst in the reaction
medium. On the contrary, the method was also ineffective at
high pH conditions (pH > 9.5) because, at alkaline pH, the
acetate ester compound was spontaneously degraded hydrolyti-
cally even without an enzyme.

Evidence for SpobNPV mediated hydrolysis

We performed a series of spectral investigations to prove the
virus particles mediated ester hydrolysis reaction. In the first
case, we took compound 2, which is devoid of an ester bond.
Fig. 4a suggests that no change in the emission spectra of
compound 2 was observed upon the addition of SpobNPV.
Further, the ESI-MS mass spectrum of 1 was recorded in the
presence and absence of SpobNPV in water. In the presence of
SpobNPV, an additional peak could be detected due to the for-
mation of the hydrolyzed product. Again, the FT-IR spectrum
of 1 also showed the disappearance of a stretching band due
to the ester functional group upon treatment with SpobNPV
(Fig. S3b¥). This again suggested a virus-mediated diacylation
reaction of 1 in the aqueous medium.

Finally, the absorption and emission spectra of the [1 +
SpobNPV] physical mixture were compared with the commer-
cially available hydrolyzed compound (3). A similar spectral
signature was observed in both cases, which unambiguously
demonstrates that the ester hydrolysis reaction occurred in the
presence of SpobNPV OBs (Fig. 4b and S4af). Moreover, a
similar change in the optical signal was observed when,
instead of SpobNPV, substrate 1 was incubated with an ester-
ase enzyme (lipase) at pH 7.4 (Fig. 4c). This indicated that the
effect of SpobNPV OBs on 1 resembled the activity of the ester-

(b) 66
Blank
a
(a) 15 N +SpobNPV
Compound 3
£ z
S 10 oM
2 S 33
S =
w s e w 22 .
o - - -
N N\ A\ 1
&g
& & 0
K2 R 400 450 500 550 600
p) v Wavelength (nm)
(c)
= with SpobNPV in H20
10 with SpobNPV in D20
IS
c
Ss
w
9,
w
4 —=— With SpobNPV
—e— With Lipase o
0 50 100 150 200 250 300 480 510 540 570 600 630

Time (min) Wavelength (nm)

Fig. 4 (a) Comparison plot for the SpobNPV-mediated ester hydrolysis
by different substrates. (b) Comparison emission spectra of 1 in the pres-
ence of SpobNPV with the commercially available hydrolyzed product
(10 pM, Zex = 370 nm). (c) Comparative interaction of 1 with SpobNPV
and lipase in water. (d) Emission spectra of 1 (10 uM) in the presence of
SpobNPV (1.3 x 107 OBs mL™) in water and D,O.
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ase enzyme. Moreover, the UV-visible spectrum of 1 in the
presence of SpobNPV showed a linear absorbance increase at
the 454 nm (Fig. 5¢) band, which might be responsible for the
greenish-yellow coloration. This also suggests that one can cor-
relate the change in the absorbance directly with the concen-
tration of SpobNPV present. Further, the kinetics of ester
hydrolysis were also monitored in both the D,O (pD = 6.4) and
H,O (pH = 6.0) media (Fig. 4d). It was observed that the rate of
ester hydrolysis was significantly low in D,O (~2.97 fold) com-
pared to that of H,O. Thus, the proton transfer is the rate-
determining step of the hydrolysis reaction. As a control, non-
catalytic proteins such as HSA did not generate any spectral
signal even after a long time (~2 h) under identical reaction
conditions (Fig. 5a).

We were interested in investigating whether the ester hydro-
lysis process in an aqueous medium was promoted by the
negatively charged surface of the polyhedral protein or the
self-assembled functional groups present on its surface. For
this, we incubated the SpobNPV solution at 95 °C for 15 min
to trigger heat-induced denaturation of the outer protein core.
The heat-treated SpobNPV solution exhibited a significantly
different circular dichroism spectrum and emission signal
when compared to its counterpart, which was not heat-
denatured. The addition of this heat-treated SpobNPV to the
aqueous solution of 1 showed only a minor change in the
emission signal (Fig. 5b). This observation indicates that the
presence of 3D networks of functional groups, such as imid-
azole, aspartic acids, etc., on the protein surface of OBs does
catalyze the ester hydrolysis reaction. To confirm the role of
amino acids in hydrolysis, we recorded the emission spectra of
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Fig. 5 (a) Fluorescence titration of 1 (10 pM, Aex = 370 nm) in the pres-
ence of HSA (0-7 pg mL™) in water. (b) Change in the emission spectra
of 1 (10 puM, lex = 454 nm) in the presence of fresh and heat-treated
SpobNPV (0-1.3 x 107 OBs mL™) in water. (c) Change in the absorbance
of compound 1 (10 pM) at 454 nm upon adding SpobNPV (0-1.3 x 107
OBs mL™) in water. (d) Change in the emission intensity of 1 (10 UM, A
= 370 nm) at 510 nm in the presence of different analytes present in
commercial formulations.
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the compound in the presence of three different amino acids,
namely histidine, cysteine, and serine, under the same experi-
mental condition. We found that only histidine showed the
formation of a new band at 510 nm, but not with cysteine or
serine. Thus, it may be concluded that the histidine residues
present on the surface of the occlusion bodies are involved as
catalysts in the ester hydrolysis reaction (Fig. S4bt).

It is essential to check the amount of SpobNPV present in
the commercial formulation with its reported value (labelled
as OBs mL™' on the bottle) for quality control purposes.
Moreover, the amount of biopesticide required to be sprayed
(on a one-acre agricultural field) also depends on its concen-
tration. Thus, estimating OBs in these formulations is essen-
tial for farmers to avoid unintended crop loss. For this, it is
vital to investigate the cross-reactivity of 1 towards the other
additives commonly added in the commercial formulations.
Importantly, no changes in the emission (at 510 nm, Fig. 5d)
signal of 1 were observed in the presence of these analytes
added individually or with their mixtures (without SpobNPV).
This ensures that the extent of change in the spectral signal of
1 upon treatment with commercial formulation may be directly
correlated with the amount of SpobNPV in the mixture.

Design of portable paper-strips for SpobNPV

The addition of SpobNPV suspension in water onto the pre-
coated (sprayed with compound 1) paper discs resulted in the
appearance of bright greenish-yellow color (under normal day-
light) with a change in the emission color from blue to cyan
within 60 min (under UV lamp). The intensity of bright green-
ish yellow or cyan emission at any given time (Fig. 6a) was also
found to be dependent on the concentration of SpobNPV
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Fig. 6 (a) Changes in the color of the 1-coated paper strips (50 pM,
Jex = 370 nm) in the presence of different concentrations of SpobNPV
(seen under UV light). (b) Change in the emission color and visible color
of 1 (50 pM) in the presence of different concentrations of SpobNPV. (c)
Change in the emission intensity of 1 (10 pM, Aex = 370 nm) at 510 nm in
the presence of SpobNPV (1.3 x 10”7 OBs mL™) in different crop extracts.
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present in the aqueous suspension (10°-10° OBs mL™").
Further, the relative change in the luminescence (or the inten-
sity of greenish-yellow color) could be quantified by using
a readily available (downloaded free from the Internet)
image processing software, Image] (Fig. 6b).>®> The minimum
detectable concentration of SpobNPV was achieved up to 10°
OBs mL ™" by this technique. Further, to prove the specificity of
the probe molecule towards SpobNPV, control experiments
were performed by applying other components of the mixture
(charcoal, sugar, NaCl, glycerol, and Ranipal®) onto dye-
coated filter paper discs. No significant change in the color or
fluorescence emission of the strips was observed upon incor-
porating any of these analytes.

SpobNPV Detection in Different Crop Extracts

OBs protect the SpobNPV from the outside environment and
keep their viability intact for over 30 years. When a larva dies
due to SpobNPV infection, OBs emerge from the larval body
and get deposited on the leaf. These OBs can remain infec-
tious until another insect arrives to eat the leaf and ingest the
protected virions. Thus, if one can measure the residual con-
centration of OBs on the vegetable leaves, predicting the inter-
val between two successive spattering of SpobNPV in the same
field will be easier. However, for this to be useful, the sensor
system mustn’t suffer from interference from other com-
ponents present in the aqueous extracts of these vegetables. To
mimic the actual scenario, here we have chosen 18 different
types of crops known to be infected by Spilosoma obliqua.
Thus, for these crops, using SpobNPV as an insecticide is a
common practice for farmers. We first recorded the emission
spectra of 1 in diluted aqueous extracts of these crops to rule
out any background influence. Then, we monitored the emis-
sion signal changes upon adding SpobNPV. In all the cases,
changes in the emission signal were recorded only after 2 h of
the time interval. Out of these 18 different crop samples
(Fig. 6¢), the protocol was found to be successful in at least 15
cases (except for pigeon peas, tomatoes, and split chickpea
lentils). Thus, the present protocol is quite efficient in estimat-
ing SpobNPV, even in the agricultural crop samples.

Conclusions

In conclusion, we have utilized an easily scalable chromogenic
probe for the selective ‘naked-eye’ detection (color changes
from colorless to greenish-yellow) of SpobNPV suspension in a
100% aqueous medium. For optimal response, probe molecule
1 must be incubated with SpobNPV suspension for ~2 h at
room temperature in water. The mechanistic investigations
established that the OBs of SpobNPV can catalyse the hydro-
lysis of acyl ester linkage and induce a pronounced change in
the optical signal. The probe showed a linear change in the
absorbance at 454 nm over a wide concentration range of OBs
(0-1.3 x 10 POBs mL™"). This indicates that the present
method can be useful for quantitatively estimating SpobNPV
over a wide range of concentrations in unknown samples.
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Under a long UV lamp, the probe showed a ratiometric change
in the emission color from blue to cyan upon adding
SpobNPV. This ratiometric sensing essentially reduces the
influence of instrumental parameters and surroundings on
the measurement, estimating SpobNPV quantitatively. Easily
portable color strips could also be developed for rapid, on-
field estimation of SpobNPV whenever required. In addition to
this, the protocol was found to be successful in at least 15
cases out of 18 tested crops. We believe such findings will add
a new dimension to better managing Spilosoma obliqua and
minimize crop loss.
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