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Abstract: This study presents the synthesis of a sensitive
AKBA-Based fluorescent “Turn off” chemosensor for rapid
detection of abamectin residues in tomatoes. Silver nano-
particles were synthesized by using 3-O-acetyl-11-keto--
boswellic acid (B-AKBA) by chemical reduction method.
The characterization of AKBA-AgNPs was performed by
UV-vis spectroscopy, Fourier transform infrared spectro-
scopy (FTIR), and transmission electron microscopy (TEM).
The average particle size of NPs was found to be 46.2 + 2nm
with lumps of macro-sized particles. TEM data further
revealed that nanoparticles were polydispersed and spherical
in shape and also show good stability at high temperatures
and pH. The biosensing properties of nanoparticles were
studied for the detection of abamectin residues in tomato
samples. Abamectin a natural product derived from the bac-
terium Streptomyces avermitilis is effective against a wide
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range of pests. In sensing protocol 67 organic tomato samples
were segregated into 34 (safe group, without a spray of aba-
mectin) and 33 samples (as an unsafe group, sprayed with
abamectin insecticide solution). Emission spectra of these
sample solutions were measured in the wavelength range
of 450-530 nm, excitation wavelength was fixed at 488 nm.
The effect of minor wavelength variation for the discrimina-
tion and classification of the two groups was investigated by
applying two chemometric methods including partial least
square discriminant analysis and principal component ana-
lysis with projection. The mechanism of its interaction
between the AKBA-Ag NPs and abamectin residue was
also established through UV/visible, FTIR, and TEM micro-
scopy. This newly synthesized nanoparticle was found to
have excellent stability at variables, i.e., temperature, sto-
rage period, salt concentration, and pH. Therefore, the
synthesized Ag NPs are potential candidates for biosensing
applications against abamectin.

Keywords: 3-AKBA, frankincense, silver nanoparticles, che-
mosensor, abamectin, insecticide, emission spectroscopy,
PLS-DA, PCA projection, tomatoes

1 Introduction

The increasing global population leads to, severe concerns
for agriculture, food storage, and processing and consti-
tutes big challenges to food safety. Use of pesticides in
agriculture leads to food contamination, which results in
severe health issues [1]. Various analytical methods such
as HPLC (high-performance liquid chromatography), MS
(mass spectrometry), and GC (gas chromatography) have
been employed for the detection of pesticides in food but
they are time-consuming, economically non-effective, and
required skilled persons [2]. In addition, several enzymatic
methods and immunoassay tests were performed to detect
pesticides using optical and electrochemical study methods.
Enzymatic methods exhibit good sensitivity but have fraught
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due to poor enzymatic/antibody stability that restricts its wide
use [3,4]. With the advancement of the nanotechnology arena,
nanomaterial-based biosensors have attracted considerable
attention due to their high sensitivity and low cost. Metal
nanomaterials [5], semiconductor quantum dots [6], and
carbon nanomaterials [7] have been employed in design
and fabrication of ultrahigh sensitive biosensors with novel
surface plasmon resonance (SPR), fluorescence behavior, and
electrochemical properties. U.S. Environmental Protection
Agency highlighted in 2011, the total amount of pesticides
used in 2007 United States was 1.1 billion pounds [8]. Eur-
opean water policy enlists pesticides as a priority hazardous
and their harmful impact on the environment [9]. To avoid
adverse health, pesticide residue levels (MRL) in food have
been studied regularly by employing biosensor technology
[10-12]. Biosensors provide a new insight into maintaining
food quality using sophisticated and tailored analytical tools
with specificity, reliability, and low cost over short intervals
of time [13]. Manipulating nanomaterial size and shape
results in novel sensing devices with enhanced biosensor
performance and reproducibility [14].

Several types of nanomaterials such as nanocompo-
sites, nanofibers, nanoflowers, semiconductor quantum
dots and carbon quantum dots, and carbon nanotubes
(CNTS) have been employed for biosensor development
because of their novel physical, chemical, mechanical,
magnetic, optical properties and high electrical conduc-
tivity [15-18]. Abamectin, a macrocyclic lactone [19], and
fermentation product of avermectins, which are naturally
derived from the soil bacterium Streptomyces avermitilis.
According to literature Abamectin, showed nematicidal,
acaricidal, and insecticidal activity [20]. Major current
applications of abamectin involve the uses of citrus, orna-
mental plants, pears, cotton, and vegetable crops in the
range of 5-27g abamectin per hectare as a foliar spray
[21]. Abamectin is widely used in veterinary and agriculture,

Table 1: The abamectin detection by different materials
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against a variety of animal parasites and insects, can drain
off from the sites of application, and becomes environmen-
tally hazardous. The compound and its metabolites have
adverse effects on living organisms due to its high toxicity
even at very low concentrations [22]. Because of its broad-
spectrum antiparasitic efficacy against both internal and
external paras, Abamectin residues can occur in a variety
of food products (e.g., fruits, vegetables, fish, meat, eggs, and
milk), and they can also accumulate in the environment by
spraying, drifting, when it is used excessively or unnecessa-
rily [23]. Residues of abamectin in food and the environment
pose a threat to human health and can result in disorders
affecting the neurological, endocrine, reproductive, and diges-
tive systems [24]. The investigation of abamectin residue in
food products and its potential risk have gained the attention
of researchers, and the maximum residue limits (MRLs) of
abamectin have been established by Codex Alimentarius
Commission and the European Union.

The MRLs of abamectin in animal-derived food pro-
ducts range from 10 to 100 ugkg ', while in fruits and
vegetables, they range from 5 to 20 ug-kg™ [24]. Fruits
and tomatoes have maximum residue levels (MRLs) of
0.01 to 0.02mgkg "’ defined by the Codex Committee on
Pesticide Residues under the Joint FAO/WHO Food Stan-
dards Program [25]. In order to protect human health
and food safety, it is now important to determine the pre-
sence of trace abamectin residue in food samples. Many fluor-
escent pesticide sensors based on nanomaterials employ
nanoparticles, which are spherical particles with nanoscale
dimensions. The abamectin detection in terms of sensing
agent/molecule, mechanism, Ag NP size, linear detection
range, LOD, and applicability to different samples is given
in Table 1.

To ensure food safety, biosensors that use nanoparti-
cles provide a simple, low-cost, and reliable method of
detecting pesticides in food matrices. For precise pesticide

Material type Detection mechanism Size range Linear detection range LoD Ref
Gold nanoparticles (AuNPs) Colorimetric 10-100 nm ng-mL™"-pg-mL”™ ng-mL™’ [26]
Quantum dots (QDs) Fluorescence N/A 0.05 to 10.0 pg-L'1 0.05 pg-L'1 [27]
Magnetic nanoparticles Magnetism 95-195 nm 0.9-1,000 pg~L‘1 0.2 pg-L‘1 [28]
Magnetic Fe;0, microspheres Magnetism — 2-5,000 pg-L™" 0.18 pg-L™" [29]
Mesoporous alumina LC-MS/MS N/A 0.02-0.50 mg-L™ 016 ng-g”" [5]
Antibody Immunoassay N/A pg-mL~'-ng-mL™" 1.07ng-mL™ [30]
Carrez’s reagent On-line SPE N/A 0-15ng-mL™ 0.67 ng-mL"™’ [31]
Aptamer Aptamer-based assay N/A ng-mL™"-pg-mL™’ ng-mL™’

Molecularly imprinted polymer (MIP) Molecular imprinting N/A 0.03-1.50 yg-mL™" 0.02ng:mL™" [32]
Fluorescent probe Fluorescence detection N/A 13 pg'L’1 4.4 pg-L’1 [33]
Fe;0,@TzDa HPLC-FLD ~200 nm 0.05-500 pg~L71 0.015 pg~L71 [34]
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detection, these nanomaterial-based biosensors take advan-
tage of the increased sensitivity and selectivity that nano-
materials offer. Pesticides and other small compounds have
been detected by using metallic nanoparticles such as silver,
gold, titanium, and other materials (such as TiO; and CdS-
decorated graphene nanocomposite).

Therefore, rapid, and sensitive detection of abamectin
is important for health and environmental preservation.
Reports on the environmental fate of abamectin and its
adverse effects on living organisms are well known [22].
3-0-Acetyl-11-keto-B-boswellic acid (one of the most active
triterpenoids) was isolated from various species of the
genus Boswellia [35,36] together with other biologically
active triterpenes [37]. The AKBA has many pharmacolo-
gical activities, such as anti-inflammatory, antioxidant [38],
anti-tumor [39], and anti-aging [40]. AKBA was effective for
bacterial infection [41] and has also been found to be effec-
tive against the SARS-CoV-2 virus through its ability to bind
functional proteins of the virus [42]. The aim of the current
study is to develop AKBA-loaded Ag nanoparticle biosen-
sors for the detection of abamectin in vegetables and water
at minimum low concentrations

2 Materials and methods

2.1 Materials

Silver nitrate (AgNO3) and methanol MeOH were pur-
chased from Sigma-Aldrich (MO, USA). Sodium hydroxide
(NaOH), hydrochloric acid (HCl), and sodium hydroxide
(NaBH,) were procured from Merck (N], USA). The pH of
nanoparticles was adjusted by Thermo Electron Corporation
(MA, USA) pH meter by using an IM solution of HCl and
NaOH. The chemicals used in the current study were of
analytical grades. Ambactin (CAS: 71751-41-2) was purchased
from the agriculture department.

2.2 Sample collection, and purification

Boswellia sacra gum resin is collected from various loca-
tions in Dhofar, Oman (2012) and authenticated by the
plant taxonomist at the herbarium of the Natural and
Medicinal Sciences Research Center (NMRSC), University
of Nizwa, Oman. A voucher specimen (BSHR-01/2012) was
deposited at the NMRSC Center.

The air-dried material (1kg) of B. sacra resin was
exhaustively extracted with distilled methanol for three
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days. The rotary evaporator was used to remove solvent
to yield concentrated methanolic extract *800 g.

For isolation of AKBA, MeOH extract was loaded on
silica gel column chromatography (CC); (70-230 mesh;
Merck) and eluted with increasing polarity of n-hexane/
ethyl acetate up to 100% EtOAc. A total of twelve fractions,
BS;-BS;, were obtained through column chromatography.
The fraction BS, (350 mg) obtained with 30% EtOAc/n-
hexane was selected and further injected on preparative
chloroform (fermented with 0.6% Ethanol) HPLC to get
AKBA (210 mg) as a UV-active compound at a retention
time of 42 min with 3 mL-min™" flow rate.

2.3 Synthesis, stability, and reaction
optimization of nanoparticles

AKBA-conjugated silver nanoparticles were synthesized by
slight modification in our previous study [43]. The ratio of
silver nitrate to AKBA was adjusted 1:1 (AgNOs: AKBA) as
shown in Figure 1.

The reaction mixture (AgNO3: AKBA) was set on a mag-
netic hot plate with temperature and rotation settings at
100°C and 400 rpm. After 5min, add a few drops of sodium
borohydride (3mM) and let the mixture for complete
reduction for one hour. The UV-VIS was performed to
confirm the synthesis after the visual color change of the
mixture. The synthesized nanoparticles were centrifuged
at 15,000 rpm for 20 min. The supernatant was removed
leaving behind a pellet containing aggregate. The pellet
was first washed with methanol and then with double dis-
tilled water to remove extra reducing agents and ions.

10-
—— AKBA-Ag NPs
—— AKBA
81 AgNO,

Absorbance

0 —

400 500 600 700

Wavelength (nm)

300

Figure 1: Synthesis of AKBA-Ag NPs.
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2.4 Stability of synthesized nanoparticles

The stability potential of AKBA-Ag NPs was tested against
different pH (3-13), temperature, and brine solutions.
The UV-Vis spectra were recorded to confirm the stabi-
lity of nanoparticles. The pH of nanoparticles was
checked from Digital pH metre model 510 (Oakton,
Eutech). IM solution of HCl and NaOH was prepared in
distilled water. The synthesized nanoparticles were
heated in a round bottom flask for 30 min at 25, 50, 75
and 100°C. The UV spectra of the solution were then
recorded to confirm the stability. A brine test was
performed.

2.5 Fourier transform infrared
spectroscopy (FTIR)

FTIR analysis of nanoparticles is an important spectroscopic
technique used to characterize the chemical composition,
functional groups, and surface properties of synthesized
material. FTIR spectra for AKBA and AKBA-Ag NPs were
recorded on an IR spectrophotometer (IR-460 Shimadzu,
Kyoto, Japan). The mode of interaction between AKBA-Ag
NPs and abamectin was also studied via FTIR analyses.

2.6 Transmission electron microscope (TEM)

TEM is used to determine the nanoparticle size, shape, and
morphology by using TEM (Model: JEOL, TEM-1400 Electron
Microscope), operated at an accelerating voltage of 110 kV. The
nanoparticles were deposited onto a carbon-coated copper TEM
grid. To ensure accurate imaging, the sample must be thinly
sectioned or dispersed to form a monolayer of nanoparticles.

2.7 Stability at physiological pH of tomato

Optimization of the pH is significant for biosensor applica-
tions due to its role in complex formation and deformation
[44]. Therefore, AKBA-Ag NPs pH stability is important for
sensing protocol. No significant change in SPR band was
observed in basic and acidic medium.

2.8 Sensing protocols

Biosensing potential of AKBA-Ag NPs was investigated
against different available pesticides (Abamectin, Revus Top,
Alpha-Sumi, Ex-Advance, and Revus). Pesticide solutions
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(100 uM) were mixed with AKBA-Ag NPs in a 1:1 (v/v) ratio
for ~20 min at RT (~30 + 3°C). The primary interactions of
Abamectin and AKBA-Ag NPs were confirmed by UV-Vis
spectroscopy and further confirmed by fluorescence spec-
troscopy. The mechanism of aggregation or interaction
mechanism was established in time-dependent manner
after interacting with an equal volume of AKBA-Ag NPs
and pesticides (i.e., Abamectin). The sensing selectivity of
AKBA-Ag NPs towards pesticide (e.g., Abamectin) was
further evaluated by mixing a fixed concentration of AKBA-
Ag NPs (1 mL) with sensed pesticide (1 mL) and other inter-
fering pesticides (1 mL) by UV-vis spectroscopy. The effect of
pH (3-13) on AKBA-Ag NPs was also studied to check the
binding efficiency in the actual medium. AKBA nanoparticles
were found stable against different ranges of pH, so they
possess sensing capability at all ranges of pH.

2.9 Application in real sample of tomato

Around 67 organic tomato samples were purchased from
Grand Mall and LuLu Hypermarkets, Nizwa, Oman, washed
with distilled water, and stored at 5°C until further use.
Thirty-four tomatoes without treatment were used as an
abamectin residue-free set (safe group). On the other hand,
33 tomato samples (unsafe group) were sprayed with aba-
mectin (avermectin bl) insecticide solution prepared by
diluting 1mL of insecticide solution (10 ng-ul™) in 500 mL
of distilled water. After storing all the samples for 1 day at
5°C, next day each tomato sample was ground, filtered, and
washed with distilled water.

To each filtrate, 1 mL of AKBA nanoparticle solution
was added and marked up to 100 mL with water. The aba-
mectin insecticide sensing ability for the newly synthesized
chemosensor (AKBA-Ag NPs) was monitored by using a
Fluorescence Spectrofluorophotometer (RF-5301PC, Shimadzu,
Japan). Emission spectra of all solutions were measured in
the wavelength range of 450-530 nm, excitation wavelength
was fixed at 488 nm, and slit width for both excitation and
emission was kept at 20nm under low intensity using
Hellma fluorescence cuvettes made of quartz of 0.1-mm
optical path length.

2.10 Data analysis

All data analyses were performed through Unscrambler
software X10.3 (CAMO Software, Oslo, Norway) and Microsoft
Excel 2016 software.
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3 Results and discussion

3.1 Synthesis, stability and reaction
optimization of nanoparticles

Reaction conditions such as pH, temperature, concentra-
tion, mixing speed, and exposure time need to be opti-
mized to run a precise and up-scalable process for the
synthesis of stable nanoparticles. Nanoparticle synthesis
took place rapidly with the addition of a reducing agent
from the conversion of Ag™ to Ag® by constant stirring.
After color change, synthesis was confirmed by UV-Vis
spectroscopy. The strong absorption peak at 412nm con-
firmed the nanoparticle synthesis.

3.2 Reaction optimization at different pH

The reaction optimization and stability potential of AKBA-
Ag NPs were tested against different pH (3-13) for optimi-
zation. The pH of nanoparticles was adjusted by Thermo
Electron Corporation (MA, USA) pH meter by using an IM
solution of HCl and NaOH. The UV-visible spectra were
recorded after 4 h of pH adjustment. The UV-Vis data sup-
port the stability of AKBA-Ag NPs on all pH. The peak at pH
2-3 showed a decrease in absorption intensity with peak
broadening (Figure S1). The increase in the intensity of the
SPR peaks was observed by increasing pH. A red shift was
observed when the medium was changed from acidic to
neutral (pH, 7-8). Moreover, AgNPs’ SPR peak A, values
have almost been constant. It clearly explained that the pH
7 reaction mixture is most suitable for reducing Ag+ ions
into AgNPs and is stable over a month.

AKBA conjugated silver nanoparticles were found less
stable in extremely basic conditions as compared to neu-
tral pH (Figure S1). The synthesized silver nanoparticles
were less stable in an acidic medium because the avail-
ability of proton decreases the interaction between the
capping agent and nanoparticles surface and nanoparticles
aggregate were formed [45]. Based on the observed UV-Vis
peaks’ variation and persistence, the stability of the nano-
particles was ascertained.

3.3 Temperature effect

Reaction optimization and Stability of AKBA-Ag NPs were
studied at different ranges of temperatures. The tempera-
ture reaction conditions were checked by heating the
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nanoparticle solution at four different temperature ranges
(25, 50, 75, and 100°C) for 30 min. The effect of temperature
on Apnax and SPR was observed using UV-Vis spectrophot-
ometer. An increase in reaction rate was observed with
increasing temperature. The higher the temperature, the
faster the reduction from Ag*' to Ag° (Figure S2). Based on
the observed UV-Vis peaks’ variation and persistence, the
stability of the nanoparticles was ascertained. After pH and
temperature optimization, the reaction conditions for nano-
particle synthesis were adjusted at pH 7 and 100°C. So the
temperature of 100°C is considered as the optimum condi-
tion for nanoparticle synthesis [46].

3.4 FTIR analysis

FTIR analyses of AKBA and AKBA-Ag NPs were recorded to
check the main functional group responsible for the synth-
eses of NPs. The eminent peaks in the drug FTIR spectrum
were found at 1,243, 1,735, 2,921, and 2,360 cm™. After the
drug’s reaction with AgNO,, the peak at 1,243 cm™ was
shifted to a higher wave number side 1,305cm™ which
was due to the C-O stretching vibration of ketone moiety
[47]. The intense band noticed in the drug at 1,735 em™! con-
firmed the presence of the carboxylic acid (C=O0 stretching
vibration) group. Another distinguished peak at 2,921 cm™
was ascribed to C-H stretching vibration [47]. This band
disappeared in the case of nanoparticles FTIR Spectra (as
shown in Figure 2). The immediate decline and capping of
Agion into Ag nanoparticles in the current analysis might be
due to the carboxylic group (disappeared in the case of
silver nanoparticles) (Figure 2).

It was recorded to check the main functional group
responsible for syntheses of NPs. The eminent peaks in
the AKBA FTIR spectrum were found at 1243, 1735, 2921,
and 2,360 cm ™%, After AKBA reaction with AgNO;, the peak
at 1,243cm™ was shifted to a higher wave number side
1,305 cm™* which was due to the C-0 stretching vibration
of ketone moiety [47]. The intense band noticed in the drug
at 1,735cm ™" confirms the presence of the carboxylic acid
(C=0 stretching vibration) group. Another distinguished
peak at 2,921 cm ™ was ascribed to C-H stretching vibration
[47]. This band disappeared in the case of nanoparticles
FTIR Spectra (as shown in Figure 2). The immediate decline
and capping of Ag ion into Ag nanoparticles in the current
analysis might be due to the carboxylic group (disappeared
in the case of silver nanoparticles; Figure 2).

The mode of interaction between AKBA-Ag NPs and
abamectin was studied via FTIR analyses. The prominent
peaks in FTIR spectra of abamectin were found at 3,400 cm™*
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Figure 2: FTIR spectral analysis of AKBA, AKBA-Ag NPs, and AKBA-Ag NPs plus abamectin.

(-OH stretching vibrations of alcohol) 2,900 em ™t (-CH;
stretching), 1,600 em™? (-C=0 stretching vibration), 1,200,
and 1,100 cm™ is characteristic of bending vibrations of
—C—OH and —OCH3; respectively. When abamectin complexes
with AKBA-Ag NPs, the band assigned to —OH group dimin-
ished greatly. Moreover, peaks related to the -C=0 and
—OCH; functional group show a blue shift in spectra.
Bands in the physical mixture are a combination of AKBA-
Ag NPs and abamectin complex, whose FTIR spectra were
much different from abamectin. FTIR spectral analyses show
the interaction of —~OH of abamectin with AKBA-A NPs surface,
which results in cross-linking of two molecules. Polar groups
like —C=0, —OCHj result in non-electrostatic interaction with
nano surface (Figures 2 and 12). Our results are in close agree-
ment with the data published in literature [48].

3.5 TEM analyses

Bright-field images of AKBA-Ag NPs were recorded for par-
ticle size and shape determination using TEM. TEM data
revealed that nanoparticles were polydispersed and sphe-
rical in shape. Synthesized nanoparticles possess sym-
metry in their shape and are of variable size. Average
particle size of NPs was found to be 46.2 + 2 nm with lumps
of macro-sized particles (Figure 3).

3.6 Pesticides chemo-sensing

AKBA-Ag NPs biosensing potential was checked against var-
ious pesticides such as Abamectin, Revus Top, Alpha-Sumi,
Ex-Advance, and Revus in water. Different concentrations

(10-100 ppm) of fresh pesticide solutions were prepared
and their fluorescence spectra with and without nanoparti-
cles were recorded. AKBA-Ag NPs displayed an excellent
potential for detection of Abamectin in water.

3.7 Chemosensing and emission spectra
interpretation

Figure 4 show the representative emission spectra of both the safe
and unsafe groups of tomato samples in the ranges of 450530 nm.

The emission spectra of the tomato samples in the safe
and unsafe groups almost overlapped. The emission wave-
lengths of the emission spectra of the tomato samples from
the safe and unsafe groups differ slightly. The emission
peak for the safe group is located at 490.4 nm, and for
the unsafe group, it is located at 489.4 nm The difference
between the emission spectra of the two groups is only one
nm. The chemometric techniques principal component
analysis (PCA) and partial least square discriminant ana-
lysis (PLS-DA) were applied to emission spectra in order to
determine the impact of this slight wavelength fluctuation.

3.8 Partial least squares-discriminant
analysis (PLS-DA)

PLS-DA was accomplished for classification and discrimi-
nation of two groups of tomato samples labeled as safe
group (no-spray of insecticide solution) and unsafe group
(tomato samples sprayed with abamectin solution). PLS-DA
models were built using the Kernel-NIPALS algorithm with
an iteration value of 100. In short, PLS-DA is a controlled
procedure based primarily on modeling variability between



DE GRUYTER

Figure 3: TEM Images of AKBA-Ag NPs and particle size distribution.

different classes by using the PLS calibration model to dis-
tinguish unknown samples. In the current study, the PLS
model transmitted the spectral alterations (X) to the con-
signed dummy variables (Y) by maximizing the covariance
between them. As there are only two assigned classes to
differentiate, therefore, this ideal model used one category
as a response variable (Y) coded for each class as follows:
membership of one class was assigned -1, while member-
ship for another class was designated as +1. Each unidenti-
fied analyte was taken as a forecast value (between -1 and
+1) after predicting with the established PLS model. An ana-
lyte with a predicted value adjacent to -1 was allocated to
one class, while a sample with the expected value close to +1
was identified as the other class. However, a value adjacent
to zero indicated that the sample did not belong to any of the
classes, specifically when the projected deviation or uncer-
tainty of the predicted value is zero.

145
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95
85
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65
55
45
35
25
15

Emission Intensity

.
a o

450 460 470 480 490 500 510 520 530 540
Wavelength (nm)

Figure 4: Representative emission spectra (not pre-processed) of both
the safe and unsafe group tomato samples.

Chemosensor for rapid detection of abamectin in tomatoes = 7

18 4

No of particles

Size (nm)

The raw emission spectra were split into two sets, i.e., a
training test including 70% of all the spectral data to build
the PLS-DA calibration model and a test set with 30% of
spectral data to externally validate the PLS-DA calibration
model. The tested samples from the training set were ran-
domly chosen. The same model (PLS-DA calibration) was
also internally validated, consuming a full cross-valida-
tion method and investigating the maximum of 7 latent
variables (LVs). Before PLS-DA modeling, unit vector nor-
malization, multiplicative scatter correction (MSC) and
standard normal variate (SNV), smoothing, first (D1) and
second (D2) derivatives of the spectra built on the bases of
Savitzky—Golay algorithm having 5 smoothing points and 2
polynomial order, were also tried. However, all those spectral
transformations did not improve the PLS-DA models. The accu-
racy, precision, and optimization of the developed PLS-DA
models were assessed based on having the lowest values of
root mean square error cross-validation (RMSECV), co-efficient
of determination (R%, number of factors and root mean square
error of prediction (RMSECV), and the highest percentage of
correctly classified samples concerning calibration and
external validation sets. The results of various types of spec-
tral transformation for PLS-DA models are given in Table 2.

Results in Table 2 indicated that PLS-DA models for
not-processed emission spectra give the best ability to clas-
sify the unidentified samples. The total percentages of cor-
rectly classified samples for not-processed emission spectra
for both the calibration and prediction sets were found
100%. It perfectly discriminated the samples into two groups
(safe and unsafe) based on the presence of abamectin
residue. In the calibration set, there were 34 samples of
the safe group and all of those were 100% classified as
safe (not sprayed with abamectin solution). Similarly, sam-
ples of the unsafe group in the calibration set were 33
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Table 2: Results of PLS-DA models for discrimination of safe and unsafe tomato samples based on the presence of abamectin insecticide

Prediction set correctly classified (%) R?

RZ

Calibration set correctly classified (%)

Pre-processing

Sprayed (unsafe) RMSEP

Pure (safe)

Total

RMSECV

Sprayed (unsafe) tomato samples

Pure (safe) tomato samples

Total

LVs

0.995
0.994
0.650
0.036

0.069
0.071
0.591
0.981

15-0=15 12-0=12
15
14

0.995 27
15

0.066
0.065
0.579
0.995

=33

33-0
33

=34

34-0
34

67
67

Nil pre-processing
Smoothin 1 with 7

0.995 27

15

0.669 30
0.027
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Figure 5: Predicted versus reference values plot for calibration model of
safe and unsafe tomato samples based on the presence of abamectin
insecticide.

samples and were 100% classified too. The result indicated
that PLS-DA models for not-processed emission spectra are
the optimum ones, based on a compromise the lowest values
of RMSECV = 0.066 and R* = 0.995 for calibration set, the
lowest values of RMSEP = 0.069 and R* = 0.995 for the pre-
diction set, the least number of factors, i.e,, 2 and 100%
classification among the samples of safe and unsafe toma-
toes for both the calibration and prediction sets.

The predicted versus reference values for this optimum
calibration model are presented in Figure 5.

This plot in Figure 5 displayed how close to the ideal
values of -1 and +1 of both safe and unsafe groups. The
score plots for factor 1 and factor 2 of the PLS-DA model are
also described in Figure 6.
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Figure 6: Score plot of PLS-DA model in between safe and unsafe groups
of tomato samples.
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Figure 7: Loading plots of factors 1 and 2 of PLS-DA model.

540
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Factor-2

The score plot of the PLS-DA model as illustrated in
Figure 6 represented that factor-1 contributes more to dis-
criminate between two groups as compared to factor-2. It
showed a complete discrimination between the samples of
the safe group and from unsafe. Factor-1, further showed
that 87% of the spectral variation and 98% of the Y dummy
variability were used during the PLS-DA model. It is a good
amount of both X and Y variables and that plays a very
important role in discrimination. The loading plots for both
factor 1 and factor 2 of the PLS-DA model are given in
Figure 7. The performance of the PLS-DA model was also
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externally validated by using a test set of samples that
were Kkept aside during the PLS-DA calibration model, as
shown in Figure 8.

Figure 8a showed the predicted values of the uniden-
tified samples, while the horizontal lines having estimated
uncertainties revealed the vertical lines for the best cali-
bration model, and its limits of detection (LOD’s) were
calculated based on the standard deviation of the response
(Sy) and the slope of the regression curve (S) according to
the formula: LOD = 3.3(Sy/S). From the regression curve,
the standard deviation of the response (Sy) value is 0.0628
and the slope of the calibration curve (S) value = 0.995,
Substituting in the above formula = LOD = 3.3(Sy/S) = 3.3*
(0.0628/0.9950) = 0.20, While the limit of quantification was
calculated as LOQ = 10(Sy/S) = 10 x (0.0628/0.9950) = 0.63. As can
be seen from Figure 8a and b, all samples of both the safe and
unsafe were perfectly predicted by the PLS-DA calibration
model and they have values almost close to -1, and +1 which
assigns them to class safe and unsafe, respectively.

3.9 Principal component analysis (PCA)

PCA, an unsupervised multivariate exploratory data ana-
lysis tool, primarily reveals the hidden structure of large
datasets, minimizes multidimensional datasets without loss
of information, and provides important information from
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Figure 8: External validation results of PLS-DA model on the test set of both the safe and unsafe groups of tomato samples. (a) prediction vs deviation

and (b) prediction vs reference.
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Figure 9: Score plot of PCA model for both safe and unsafe groups of
tomato samples.

the data, to recognize noise and outliers in the dataset and to
envisage the pattern of grouping based on resemblances and
dis-similarities in the data. In the projection method, all the
information from the original variable is projected onto a
small number of latent variables called principal components
(PCs). Each PC summarizes a certain amount of all informa-
tion comprised in the original data and the first PC covers the
maximum source of information in the dataset. PCA analysis
transforms a set of related variables into a new set of vari-
ables (principal components) that may not be correlated. The
PCA transforms the total variance of the dataset so that the

DE GRUYTER

first principal component has the largest possible variance,
followed by the second largest variance.

In this study, PCA with projection was applied to classify
the samples between the two groups of tomato samples defined
as safe group (no-spray of insecticide solution) and unsafe
group (tomato samples sprayed with abamectin solution).

In order to build the PCA models, the raw emission
spectra were split into two sets; i.e., a training test included
70% of all the spectral data to build the PCA calibration model
and a test set including 30% of spectral data to externally
validate the PCA model. The tested samples from the training
set were randomly selected. The PCA calibration models were
also internally validated, using a complete cross-validation pro-
cess using the Singular Value Decomposition (SVD) algorithm
with 67 segments and a total of 7 components. The score plot of
PCA model for hoth safe and unsafe groups of tomato samples
is shown in Figure 9.

The PCA score plot in Figure 8 determined the complete
segregation of the safe group of tomato samples from the
unsafe one. However, the separation between the both
groups is clearly seen along PC-2. The score plot of the PCA
model also determined that PC-1 contributed more to separ-
ating between two groups as compared to factor-2. PC-1 car-
ries 87% of the spectral variation and PC2, 12% respectively.

The performance of the PCA calibration model was
also externally validated by the projection method using
a test set of samples that were kept aside during the PCA
calibration model, as shown in Figure 10.
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Figure 10: Projection plot for PCA calibration model as an external validation too. (a) PCA projection score plot and (b) PCA score plot.
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Chemosensor for rapid detection of abamectin in tomatoes

Figure 11: Sensing mechanism showing interaction of abamectin to surface of AKBA-Ag NPs.

Figure 10 shows the PCA projection plot for the PCA
calibration model as an external validation result (test set
samples). As we can see from Figure 9, the prediction
results of the PCA calibration model using the projection
method. The green color samples are the results of the
projection those illustrate a complete separation and clas-
sification of the samples of the safe group of tomato sam-
ples from the unsafe one.

No of particles.

Size (nm)

3.10 Mechanism of sensing of AKBA-Ag NPs
for abamectin

The fluorescence detection can be proceeded by diverse
mechanisms, with changes in the fluorescence signal of
the system acting as the transducing element [49]. More
specifically, changes in the fluorescence signal upon the
introduction of pesticides are most often “turn-off” changes,

Figure 12: TEM images of AKBA-Ag NPs (a) before and (b) after interaction with abamectin.
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resulting from pesticide-induced fluorescence quenching.
The fluorescence quenching involves energy transfer of
the sensor to the pesticide, which is a result of Forster reso-
nance energy transfer, photoinduced electron transfer, and
electron exchange. The mechanism involves Forster reso-
nance energy transfer which has been used extensively.
The practical challenges in this mechanism relate to the
need for spectral overlap and the fact that there is often
undesired overlap between the emission spectra of the
donor and the acceptor. The sensitivity of fluorescence-
based turn-on sensors may be hampered by this unintended
overlap since residual donor emission may still be seen even
in the absence of energy transfer [50]. The mechanism is
also confirmed through FT-IR analysis (Figure 11).

3.10.1 Morphological changes through TEM analyses

Biosensing capability of AKBA-Ag NPs for abamectin was
confirmed from FTIR and fluorescent studies. TEM analyses
for both AKBA-Ag NPs and after complexation of AKBA-Ag NPs
with abamectin were carried out. TEM images showed a con-
siderable increase in the particles size of AKBA-Ag NPs after
interaction with abamectin. The average particle size of AKBA-
Ag NPs was a range of 46.2 + 2nm to lumps of macro-sized
particles. After conjugation with abamectin, the size of the com-
plex (AKBA-Ag NPs and abamectin) was significantly increased,
ie, 64 + 24 but the shape remained the same (Figure 12).

4 Conclusions

Here, we report a simple method for syntheses of AKBA-Ag
NPs and their sensing capability against abamectin. AKBA-
Ag NPs and abamectin complex and AKBA-Ag nanoparti-
cles were characterized using FTIR, TEM, fluorescence, and
UV-Vis spectroscopy. AKBA-Ag NPs and abamectin com-
plex and AKBA-Ag nanoparticles were characterized using
FTIR, TEM, fluorescence, and UV-Vis spectroscopy. However,
neutral (pH 7) and basic pH (8-12) were found to be suitable for
actual protocol, and in conclusion, the AKBA-Ag NPs act as an
excellent nanosensor/adsorbent for Abamectin in neutral and
basic medium.

Mechanistic study of AKBA-Ag NPs and abamectin was
completed via FTIR spectral analyses. FTIR study showed
interaction of -OH and —C=0 functional moiety of aba-
mectin with silver nano surface. This newly synthesized
AKBA-nanoparticle chemosensor can be used as a sensor
for the fast detection of abamectin insecticide in tomato
paste solutions. PLS-DA models for raw emission spectra
were found the optimum ones, based on the lowest values

DE GRUYTER

of RMSECV = 0.066 and R? = 0.995 for the calibration set, the
lowest values of RMSEP = 0.069 and R* = 0.995 for the
prediction set, and the least number of factors, i.e., 2 and
100% classification among the samples of safe and unsafe
tomatoes for both the calibration and prediction sets.

Similarly, the prediction results of the PCA calibration
model using the projection method illustrated a complete
separation and classification among the samples of a safe
group of tomato samples from an unsafe one. The unique
sensor (i.e., AKBA-Ag NPs) has a detection limit for aba-
mectin, as low as 0.1 ppm within 20 min response time,
which is very advantageous for the fast and sensitive
detection of abamectin. Established protocol can also
be applicable for the detection of abamectin in envir-
onmental and biological samples.
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