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ABSTRACT

This work demonstrates a simple, cost effective attdasensitive detection of ethyl
parathion, an organophosphorus (OPs) pesticidagusnzyme based fluorometric sensing
strategy by employing bimetallic BSA@AuUAg nanockrst(NC). The sensing assay is based
on the “quenched off" state of bimetallic NC withet addition of Ctf ions that can be
“switched on” due to generation of thiocholine (T)Ch catalytic product of enzymatic
reaction of acetylthiocholine (ATCh) using acetyithesterase (AChE) enzyme. The
generated TCh preferably seize *Cuons from BSA@AuAg NC-Ct ensemble and
recovered the fluorescence of BSA@AUAg NC. The gmes of ethyl parathion can be
monitored optically due to its inhibitory actionntards AChE enzyme leading to suppression
of thiocholine (TCh) formation and subsequently réases TCh-Cii interaction that
ultimately retrieved quenched off state of bim&talNC. The synthesized biosensor is
appropriate for the ultrasensitive sensing of epiayiathion in pM range, exhibiting 2.40 pM
as lowest limit of detection (LOD) which is the s#¢&nown so far. Further, the real sample
analysis adds on for the appropriateness of ththegized nanoprobe by depicting excellent
reproducibility and robustness. The designed apsayed its specificity towards pesticides
in general and ethyl parathion in particular whempkyed with other commonly used non-

OPs pesticides.

KEYWORDS BSA@AUAg NC; ethyl parathion; acetylcholinesterase; fluorescence;

bimetallic nanoclusters; ultrasensitive detection.



1. INTRODUCTION

The global usage of pesticides, in particular oogdwosphorus pesticides (OPs), has
witnessed commercial benefits in terms of enhangeduction of food and fibre over last
few decades [1]. However, the prolonged usage of ©&s been associated with serious
drawbacks of affecting the human health and alggpating the environment due to their
long-term persistence in soil mainly owing to watetubility and easy absorptivity of these
pesticides [2]. To make situation worse, it hasnbeecently reported that the inevitable
exposure to these pesticides has accounted folyri&@0,000 deaths annually [3]. Among
different OPs, ethyl parathion (EP) which is comigdmown as thiophos, is the one of the
most widely used pesticides in agricultural as wal non-agricultural domains.
Contrastingly, as per the environmental protecagency (EPA), ethyl parathion has been
reported to be among the one of the most toxic ate@mregistered in their directory [4]. The
toxicity of ethyl parathion derives its origin frobeing an effective inhibitor to plasma, red
blood cells and brain acetylcholinesterase (ACHE) This inhibition leads to imbalance of
acetylthiocholine (ATCh) amount, a neurotransmitiercentral nervous system (CNS),
giving rise to sensory and behavioral disturbanéasgther, the ethyl parathion toxicity
effects have been related to medical complicatiookiding Parkinson’s disease, asthma,
attention deficit and hyperactivity disorder (ADHR¥) well as cancer when exposed for
longer duration [6]. Considering these toxic effedhe maximum residue limit of ethyl
parathion has been set at 0.01 ppm as per the &amdgnion pesticides database [[Hus,
the prevalent usage of ethyl parathion as a higllifgupesticide necessitates the consistent
discovery and development of novel and more adwhmistection strategies for its rapid,

sensitive and effective quantification [8].



Among recent advancements in the area of OPs aetethe bio-substrate based sensors
have been taking the forefront [9]. Especially, #emsing strategies based on utilizing the
concept of AChE enzyme mechanism have demonsteategptional potential as a result of
their ability to detect even a trace concentratioh OPs when immobilized either
electrochemically or optically [10-11]. In this demrt, approaches based on different
traditional techniques such as gas chromatograpssmspectrometry (GC-MS), high
performance liquid chromatography (HPLC), capillagjectrophoresis etc. have been
employed for pesticide detection, however, thesee Haeen reported to be associated with
limitations that include requirement of high-coshstrumentation, long duration
experimentation time and overall complex handlintR-14]. Approaches based on
electrochemical techniques have also been emplioyatie selective detection of OPs in the
past with ethyl parathion detection sensitivity lae as 40 nM [15-18]. However, such
electro-analytical approaches have issues relatéuktr stability, cleanliness, reusability and
contamination of the electrode which are knowndmprise their selectivity and sensitivity
Alternatively, Ag@SiQ nanospheres coupled with surface enhanced Rameatterstg
(SERS) has been utilized for ethyl parathion desacwith relatively little success as the
limit of detection (LOD) was observed mM range [19]. Optical sensors fabricated by
utilizing distinct surface plasmon resonance pregi(SPR) of nanoparticles are found to be
highly successful with ability of naked eyed vismation even for extremely low ethyl
parathion concentration [20-23]. Specifically, dtiparathion sensing assay using gold
nanoparticles was reported by our group with detecensitivity as low as 0.27 nM [24]. In
search of more effective detection methods, nee@rtiques are being explored. One such
recent report citing one-step direct competitivefescence enzyme (dc-FEIA) based method

with LOD upto 0.68 nM for ethyl parathion [25]. Hewer, this immunoassay required



relatively more cumbersome method for antibody gmimen and that too by trained

personnel.

Fluorescence based optical signaling of OPs, inpasison to other techniques, has turned
out to be more useful in terms of its relative dioity, overall rapidness and ultra-sensitivity
[26, 27]. Among various reports involving differeffiuorophores, enzymatic reaction
modulated synthesis of CdTe quantum dots (QDs) baee recently utilized for detection of
ethyl parathion as well as malathion with LOD o8 hM and 4 pM, respectively [28-29].
Further, Forster resonance energy transfer (FRESed sensors have been fabricated for
ethyl parathion detection using carbon dots, thahgise require complex synthetic protocol,
with high sensitivity of 585 nM [30]. Among fluorbpres, metal nanoclusters (NC), having
size less than 5 nm, have recently emerged as&e\aéternative nanomaterial which can be
employed in various application-based biosensathiding usage as bio-labelling and bio-
imaging probe [31]. Due to its ultrasmall size, aiédC exhibit distinct optoelectronics and
chemical properties including strong photolumineses large stork shift and excellent
photostability along with good biocompatibility [B2Specifically, proteins/peptides-based
approach for synthesis of metal NC is widely emptbyas their diverse functional groups
offer a number of binding sites at ambient condgiand also eliminate the use of toxic
reducing agent by acting as both reducing and ocgpagent [33]. The sensing applicability
of NC has been already utilized for detection dfedent analytes such as Cr (VI) where
microencapsulated photoluminescent metal NC werelarad upto ppb level [34].
Similarly, bimetallic gold-silver (AuAg) NC confirtkin pomegranate silica type architecture
were used for Cii ion sensing through modulation of fluorescencerisity [35]. Thus,
metal NC have been recently able to offer a higlelysitive alternative for the monitoring of
analytes with different nature and properties [B&eping this in mind, herein, bovine serum

albumin (BSA) capped bimetallic gold silver nanstirs (BSA@AUAgNC) were



synthesized and used for fluorometric detectionetifyl parathion owing to its strong
luminescence. The detection assay involves inieractf Cif* ions with BSA@AUAgNC,
leading to quenching of NC. The introduction oftgitholinesterase enzyme (AChE), along
with acetylthiocholine (ATCh) as a substrate, resliin the generation of thiocholine (TCh)
that preferably binds to NC bonded*Cthereby re-enhancing the fluorescence intensitg. Th
presence of ethyl parathion can be easily monitosedg BSA@AUAgNC based proposed
assay with calculated LOD in pico-molar range (2840. To the best of our knowledge, the
present sensing strategy constitutes as the ésart for the highly selective detection of

ethyl parathion using bimetallic NC.

2. EXPERIMENTAL DETAILS
2.1. Chemicals and Reagents

Hydrogen tetrachloroaurate (lll) trihydrate, silvemitrate, acetylcholinesterase, S-
acetylthiocholine chloride and ethyl parathion weregchased from Sigma Aldrich India.
Bovine serum albumin V (BSA), Cug&bH,0 and sodium hydroxide were got from SRL
India. For all the measurements and synthesis oA B8&pped bimetallic Nanoclusters,
ultrapure water having resistivity of 18.2(Mm™* was used taken from Direct Q3 system

using Merck Millipore, India.
2.2. Synthesis of BSA capped bimetallic nanoclusters (BSA@AUAg NC)

The BSA@AUAgNCs were synthesized using a reportetopol with slight modification
[37]. 10 ml of 0.3 mM of BSA was added into 10 nfl # mM HAuCl,.3H,O solution
followed by the addition of 4 mL of AgN§X0.96 mM). After 10 min of stirring, 1 mL of 1
M NaOH solution was added dropwise and the reaatias allowed to continue for 16 h at

25 °C. The color of the solution changed to dark yeliodicating the formation of small
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sized bimetallic NC (BSA@AUAQ). The resulting clerist were purified using centrifugation

at 7500 rpm to remove the unreacted BSA. The biiteeNC were stored in dark at’C.
2.3. Optimizations of proposed assay
2.3.1. Optimization for the determination of Cu®* ions

The first step of the proposed scheme was the tuemnof BSA@AUAg NC in the presence
of CU** ions. To carry out this step, 300 pL of stock Soluof BSA@AuAg NC was added
to different concentration of 40 pL of €lons. The resulting mixture was incubated for 10

mins and subjected to fluorescence measurements.
2.3.2. Optimization for the ATCh substrate and AChE enzyme

The optimal concentration of ATCh was determined diyserving its effect on the
fluorescence intensity of BSA@AUAg NC. For thisatetination, different concentration of
100 pL of ATCh was added to 300 pL of BSA@AUAg Ndlldwed by incubation and
finally fluorescence intensity of BSA@AUAg NC waecorded. In the similar way, effect of
AChE (10 pL) enzyme was also studied by recordihg fluorescence intensity of

BSA@AUAg NC (300 pL) in the presence of ATCh (15 @0 pL).
2.3.3. Effect of pH on the proposed assay

pH played an important role in the enzymatic deteaton of ethyl parathion. In order to
check the effect of pH for the detection of ethgrgthion, the enzymatic degradation of
ATCh was observed in different pH conditions raggfrom 4 to 11. The effect of pH was
observed at the optimized parameters and conditgnstated above in section 2.3.1 and

2.3.2.

2.3.4. Optimization for the detection of ethyl parathion



Stock solution of ethyl parathion was prepared @thanol and stored a’@. To validate the
robustness of biosensor for the fluorometric deteation of ethyl parathion, different
concentration of ethyl parathion (100 pL) were abiteAChE (10 pL, 300 mU mt) in the
presence of 50 pL of phosphate buffer solution (P&fing pH =7.4. The resulting solution
was incubated for 2.5 h at room temperature foltblwg the addition of ATCh (15 puM, 200
pML). Again, the mixture was incubated for 30 min rabm temperature. Finally, the
BSA@AUAgNC-CE* solution was added and mixed for another 30 mhe fuorescence

intensity was measured for BSA@AUAgNC at 650 nm.
2.4. Deter mination of ethyl parathion in spiked samples

The applicability of the proposed assay was detezthiby carrying out the analysis in real
water and food samples. Tap water was used irattgenform, whereas in case of soil water,
it was filtered to remove suspended impurities aptked with different concentration of
ethyl parathion followed by its investigation usitigg above assay. Orange and apple juices
were chosen to validate the practicability of bies®'s in food samples. First of all, apple and
oranges were cut and grinded to form homogenatdigolfollowed by its filtration using
0.22-micron filter and finally diluted with wateEthyl parathion was spiked in the food

samples and determined using proposed assay.
3.RESULT AND DISCUSSION
3.1. Synthesis and characterization of BSA@AUAg NC

Fluorescent metallic NC have recently emerged aswa class of fluorophores that have
attracted widespread attention owing to shrinkagedimension comparable to Fermi
wavelength of electrons [38]. The bimetallic NC &abeen extensively used over
monoatomic clusters in order to utilize the synergiffect of both atoms for better

optoelectronic performance [39-40]. The potentipplecation of these NC in biomedical



applications can be achieved if they exhibit enkdn@ater solubility and biocompatibility
along with high quantum yield. One of the ways thiave this has been through usage of
protein mediated synthetic approach for metal N@egation [41]. Among various proteins,
BSA offers active site for the reduction and siahtion of the NC which helps to eliminate
the use of toxic reducing agents [33]. In the pneséudy, the bimetallic gold-silver (AuAg)
NC were synthesized via one pot rapid biominerabmaprocess using BSA which acted
both as a scaffold and reducing agérite synthetic protocol initially involved additicof
gold (lll) salt to the BSA solution resulting inghformation of BSA conjugated gold
(BSA@AuU) complex. This was followed by Ag (I) séih form of AgNG;) addition to form

BSA@AuUAg complex at basic pH (12) (Figure 2) [37].

A broad peak of BSA@AUAg NC was obtained in thegemf 300-350 nm in UV- Vis
spectrum depicting a molecular type behavior whidten measured along with HAuCI
AgNO;3, BSA and absence of any plasmonic peak elimindtedformation of large sized
gold and silver nanoparticles [Figure S1 (A)]. Tk&aong photoluminescence is the
characteristic feature of these bimetallic NC doequantum confinement effect. The
fluorescence exhibited by the NC was mainly duguantization of energy density state as a
result of extremely small size of NC; thereby dishg emission at 650 nm wavelength upon
excitation at 322 nm wavelength (Figure 2A). Thetegsized BSA@AUAg NC were
observed to be monodispersed in nature and exdibjerical morphology as depicted in
the HR-TEM image with the average size of about b (Figure 2B). Further, the
hydrodynamic radius of the synthesized BSA@AUAg W&s about 8 nm [Figure S1(C)].
Also, the lattice plane revealed from X-Ray Diffiao (XRD) were (111) and (200)
corresponding to sharp peak at 36.84d 45.4 respectively [Figure S1 (B)] [42]. In addition
to this, the nanocrystalline nature was also cordd with well resolved lattice plane having

spacing of 0.19 nm [Figure S2 (A, B)]. The preseatgold (Au), silver (Ag) and sulphur
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(S) ion peaks in the EDX spectrum further confirnted formation of BSA@AUAg NC
[Figure S2 (C)]. The stability of NC can be attribad to the formation of Au-S bond (owing
to presence of 35 cysteine residue in the BSA)leith the steric stabilization provided by
bulkiness of protein. Also, it is quite well knowat the tyrosine residues present in BSA
gets deprotonated facilitating the reduction of galt to form small sized NC in highly

alkaline medium.

3.2. BSA@AUAQg NC based sensing statergy for the detection of ethyl parathion

The synthesized bimetallic BSA@AUAg NC were furtberployed as fluorescent nanoprobe
for the detection of ethyl parathion, an organophosus pesticide (OP), using
acetylcholinesterase enzyme (AChE) and acetyltioibol (ATCh) as enzyme-substrate
complex. Organophosphorus pesticides (OPs) arekwelln to inhibit the activity of AChE,
a serine hydrolase enzyme which hydrolyzes thetsatbsATCh to thiocholine (TCh) and
acetate ion at a rate of 25,000 molecules of ATEhgecond [5]. The toxicity of OPs in
general and ethyl parathion in specific in is maidle to their role in phosphorylation of
AChE which leads to blockage of its catalytic siféwus, this inhibitory action of ethyl
parathion results in the accumulation of ATCh legdi initial sensory as well as behavioral

disturbances with eventual fatal effect.

Keeping these toxic effects of ethyl parathion @adorrelation with AChE-ATCh enzyme-
substrate complex, we devised a fluorometry basedIrstrategy for ultra-sensitive detection
of ethyl parathion. For this purpose, the syntresBSA@AUAg NC exhibiting fluorescence
at 650 nm [Figure 3A, 4A(i)] were quenched with #dlition of C&" ions (taken as Cug)l
resulting in the formation of BSA@AuAg-Guensemble, as a consequence, bimetallic NC

showed complete quenching behavior [Figure 3A,4A(iThe proposed ethyl parathion
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detection assay was further devised into two pagswane with absence of ethyl parathion
(Path 1) and other in the presence of ethyl papatimolecules (Path 1l). In the pathway I,
AChE-ATCh complex was generated when AChE (300 my/da0 pL) interacted with
ATCh (15 pM, 100 pL) which upon further hydrolysesl to the liberation of TCh. These
TCh molecules were made to interact with previougnerated BSA@AUAg-CGli system
through which it was observed that TCh preferaligund with C&" ions (5 mM, 40 pL)
from the system, due to strong binding affinityvibe¢n thiol moiety of thiocholine and €u
ions resulting into regainment of fluorescencensiyy of BSA@AuUAg NC [Figure 3B, 4A
(iii)]. The TCh-CU/* complex formation can also be attributed on theisef hard acid soft
base (HSAB) principle [43]. On the contrary, thé\aty of AChE enzyme was blocked due
to the introduction of even a trace level conceittreof ethyl parathion (10 pM, 100 pL) that
irreversibly bound with enzyme AChE, inhibiting itsatalytic activity in pathway Il
rendering the ATCh molecules free. Due to non-preseof TCh or in other words due to
absence of thiolate moiety, the Cuons from BSA@AUAgQ-Cti system was unable to
interact with TCh thus leading to quenching of BSA@g NC (Path Il) [Figure 3B,

4A(iv)].
3.3. Optimization of reaction parametersfor ethyl parathion biosensor development

From the perspective of understanding psed detection assay from change in
fluorescence intensities, it was observed thatrihiml fluorescence at 650 nm as exhibited
by synthesized BSA@AUAg NC was “switched off” withe addition of Ct ions. This
effect is mainly due to photoinduced quenching raedm as the excited electrons of the
BSA@AuUAg NC follow intersystem crossing (ISC) patywwowing to the paramagnetic
behavior of C&" thereby resulting in the quenching of the fluoresee [44]. The
BSA@AUAg NC showed a linear trend in the decreddkiorescence intensity and red shift
with increase in concentration of €ifrom 9.76 uM to 10 mM with lowest LOD for €u

12



calculated out to be 184 nM (Figure 4B, ESI). Thétsn wavelength towards red region
was observed mainly due to aggregation of BSA@AMat higher concentration of €u
ion. Further, the fluorescence quenching efficiem@s observed to be in good agreement
with consistent Cti concentration change having correlation coeffiGi&h = 0.9968 (Figure
4C). Interestingly, conspicuous decrease in flumrese intensity of BSA@AUAg NC was
observed under UV light with the addition of Cuons (Figure 4C inset). Thus, for the
further assay development, 5mM concentration of @é* was used as the optimized

concentration.

AChE is polymeric glygoprotein having quaternamusture and is highly vulnerable for its
denaturation in extreme pH conditions. Therefok pfays a crucial role for the detection of
ethyl parathion using proposed assay. It was obsltivat in acidic conditions (between pH
4-6), the nanoprobe showed the aggregation behafffogure. S3). This is mainly due to the
change in the conformation of proteins at pH neatheir isoelectric point (pl) as the pl of
both BSA protein and AChE enzyme is in acidic rangeat 4.8 and 5.6, respectively [45,
46]. It is clearly visible from the graph [Fig. $B)] that the fluorescence intensity of the
BSA@AUAg NC attains stability between pH 7-8. Thiere, the catalytic activity of AChE

enzyme has been studied at physiological pH (7.4).

The thiocholine (TCh) generation due to hydrolysi&ATCh using AChE enzyme is a crucial

step for the proposed detection assay of ethyltipara In this context, controlled studies are
required to determine the minimum concentrationboth ATCh and AChE that has

negligible effect on the fluorescence intensityBEA@AUAg NC. The effect of increasing

concentration of ATCh (from 10 to 500 uM) was thagbly investigated on the fluorescence
intensity of BSA@AuUAg NC for every 10 min for 1 8pecifically, as the concentration of
ATCh exceeded 20 uM, the BSA@AuUAg NC showed aggi@ganduce emission behaviour

leading to persistent increase in the intensity ttd BSA@AUAg NC (Figure 4D).
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Correspondingly, 15 uM of ATCh was taken as optiomadcentration for further studies. In a
similar manner, the effect of AChE concentrationflolwrescence intensity of BSA@AUAg
NC was carried out at different time interval taeteine the optimal time of hydrolysis
reaction. It was observed that the hydrolysis beteome constant after 30 min of incubation
(Figure S4). It was observed that at 300 mU/mL eotration of AChE, the fluorescence
intensity of BSA@AUAg NC was not much altered anasvehosen as controlled condition

for further assay.

3.4. Investigation into sensitivity profile of the developed assay

One of the important aspects for qualitatively ustinding the performance of developed
sensing assay is by analysing the sensitivity efddveloped nanoprobe for the determination
of low-level concentration of ethyl parathion. ms regard, the sensitivity of the developed
sensor was measured through variation in fluoresceignal of BSA@AUAg NC obtained
as the concentration of ethyl parathion was vafiech 5 to 16 pM. As expected, the
fluorescence signal of NC gradually diminished wtile increase in concentration of ethyl
parathion owing to significant inhibition of enzytitaactivity of AChE (Path Il) (Figure 4E).
To further check the robustness of the developedprabe, the quenching efficiencyul~

1) was plotted against the logarithm of each eplayhthion concentration. A good correlation
with respect to ethyl parathion concentration aroféscence intensity of BSA@AuUAg NC
was obtained with correlation coefficient of=.99 (Figure 4F). Further, the LOD of ethyl
parathion was calculated to be 2.40 pM (Table jguthe formula LOD = &m, where m is
the slope of the calibration curve amds the standard deviation from the blank samp&E
The calculated LOD obtained from the developedyasses one of the least as compared to

previously reported methods based on traditiordirigjues such as GC-MS, LC-MS and to
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more recent ones based electrochemical, coloriedRS and immunoassay approaches

along with other fluorometric based methods empigwistinct fluorophores (Table 1).

Recently, quantification of mixed pesticides hasrbeeported to be carried out using QD-
AChE aerogel with LOD of 0.97 pM for ethyl parathjohowever, its fabrication,
maintenance and calibration of microfluidic chiprad with complex synthetic protocol for
aerogel limit the applicability of this sensor [49]hus, the developed enzyme based assay
utilizing bimetallic NC emerged as a promising segsanoprobe for the pico-molar level

detection of ethyl parathion in a simple, rapid andt effective manner.

3.5. Applicability of developed bio-sensor in water and food samples

To investigate the relevance and applicability @figned NC based ethyl parathion detection
assay, the developed method was further analyskedtinwater and food based real samples.
For this purpose, soil water was taken and sulgjetdfiltration for removal of suspended
impurities whereas tap water was considered as frchnalysis of the detection assay.
Similarly, the orange and apple juice were taked filtrated as food matrix samples. All
these water and food samples were spiked with dvar@ncentration of ethyl parathion at
optimized parameters (Figure S5). As mentionedabld 2, the clear observation was that
the proposed nanoprobe, even in the presenceeasfdring ions, minerals, preservative and
other components present in spiked water and femtpkes showed excellent comparable
applicability. The percentage recovery varied ie tlange of 92 to 105 with more than
acceptable Rvalue (0.95) in all tested real samples provirggahpropriateness and accuracy

of the developed assay

3.6. Specificity analysis of developed bio-sensor
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As mentioned earlier, the catalytic activity of tA€hE enzyme is known to be blocked in
the presence of OPs, therefore, it is significantarry out specificity study of the developed
nanoprobe in the presence of other pesticides (&ig6). In this context, the developed assay
was tested in presence of other commonly used @Pwell as non-organophosphorus
pesticides including 2,4-D, atrazine, chlorosulfur@and chloropyrifos along with ethyl
parathion. It was observed that at a concentrabibd nM, ethyl parathion showed the
maximum inhibition for the AChE enzyme, while othégsted pesticides (including
chloropyrifos) were exhibiting comparably much kEsfluorescence quenching (Figure 5).
The above results clearly demonstrated the spiygifi¢ the developed assay towards ethyl

parathion.
4. CONCLUSION

In summary, a rapid and highly sensitive fluoroneetriosensor for detection of ethyl
parathion has been reported. The sensing stratéliged the fluorometric responses of
ultrasmall bimetallic AuAg NC to the modulation oATCh-AChE concentration.
Specifically, the proposed assay employed lumingsBEA@AUAg NC, synthesized using
one pot green chemistry based biomineralizationichvivere made to interact with €u
ions. This led to formation of BSA@AuAg NC-Euensemble; resulting in quenching of
NC'’s fluorescence. The addition of AChE along wARCh resulted in generation of
thiocholine (TCh) which is known to have preferadéfinity with CU#* ions. As a
consequence, fluorescence intensity of bimetall@Was regained in the presencenaitu
generated TCh. Upon further addition of ethyl paicat, a potential inhibitor to AChE
enzyme, the fluorescence intensity of the solutias again ‘turned off’ due to relative non-
formation of TCh. The ‘on-off’ fluorescence signalere evidently quite clear and could be
easily quantified in absence as well as presenethgf parathion with LOD up to pico-molar
range (2.40 pM) as the developed assay was highlsitsve.
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The remarkably low sensitivity level of the pressansing platform is mainly the result of
the following considerations. First and foremosie fluorometric technique on which the
sensing platform is based has proven to be momsatsenkeeping in view of measurement of
emission signal above low-level background angath independent nature as compared to
bright reference beam in absorbance-based technidme addition, most of the
photomultiplier tubes used in fluorescence-basedisg can easily detect low level of light
and electronic impulses due to single photon measent [27]. Secondly, bimetallic NC
(BSA@AUAQ) acting as a nanoprobe in this fluoreseebased sensing scheme, play a
crucial role as the synergic effect of both atommhkilgts better performance in terms of
electronic, catalytic and optical properties [39].4The equally sensitive detection of Cu
ions upto 184 nM is mainly attributed due to indirlow level detection of analyte. Notably,
this limit is much lower than the maximum contantioa level (MCL) of Cd" in drinking
water i.e. 1.3 mg/L [50].Finally, the developed sensing method is based @gmzymatic
modulated nanoprobe which is well known for itshhggensitivity. The proposed biosensor
inhibits the catalytic activity of AChE enzyme evierthe presence of trace concentrations of
ethyl parathion which is directly linked to the demse in formation of catalytic product
thiocholine (TCh). The generated TCh renders thengning of fluorescence intensity of

BSA@AUAg NC due to its preferential binding with Zion.

To validate the developed dual biosensor, it waanmemed using real samples which
exhibited excellent reproducibility and robustnesen in the presence of other interfering
substances. The specificity of the developed pmas also found in well agreement with
spiked ethyl parathion concentration, with no digant interference observed in presence of
other pesticides. It is pertinent to note here that presently demonstrated enzyme-based
fluorometric assay for ethyl parathion detectiofeoé clear advantage over other antibody as

well as aptamer-based sensors in terms of its &ityplrapidness, inexpensive nature and
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high sensitivity. Thus, the developed assay usi@hf coupled with metal NC provide a
mode for the preliminary detection of ethyl parathat minimal concentration of pM level.
In addition, proposed assay finds a wide appliggbibr monitoring of even trace level of
ethyl parathion in a rapid and cost-effective marened further can open gateway for the
sensing of other hazardous environmental pollut&rsouraged by these results, it is safe to
interpret that luminescent bimetallic BSA@AUAg NGve emerge as newer class of
fluorophores that can be effectively utilized f@arious sensing platforms for even trace level
concentration of analytes. In general, the bimetadlystem is known to deliver better
physical and optoelectronics properties over mamoat system and metal NC specifically
provides a much-needed alternative over other caiorelly used fluorophores owing to

their simpler synthetic protocol along with goodagtum vyield.
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Figure 1. Schematic illustration for the synthesis of BSA@AuUNC
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Figure 2. (A) Emission spectrum of BSA@AuUAg NC upon excitatiof 322 nm [inset: (a) HCIQ(b) AgNG;,

(c) BSA and (d) BSA@AuUAg NC image; under UV ligig) TEM image of BSA@AuUAg NC at scale bar of
100 nm (inset HR-TEM image at scale bar of 5 nm).

26



AChE

;i _Cu2+
c Hydrolysis ( BSA@AuAg-Cu

AChE-ATCh complex TCh
®@ @
(O

TCh-Cu?*

(8)

ATCh

O BSA@AuAg-Cu?*
+
Ethyl
parathion Blocked AChE ATCh

Figure 3. Schematic representation for the detection of lgplayathion BSA@AuUAg NC: (A) quenching of
fluorescence intensity of BSA@AuAg NC in the presemf Cu?* ions; (B) re-emergence of fluorescence
intensity of BSA@AUAg NC in the presence of TChatusence of ethyl parathion (path I) and quenching o
fluorescence intensity of BSA@AUAg NC in the presepf ethyl parathion (path II).
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Figure 4. (A) Fluorescence spectra of (i) BSA@AuAg NC; (i) BSA@¥g NC after addition of Ciiii)
BSA@AUAg NC after addition of CUAChE and ATCh; (iv) BSA@AuAg NC after addition 67" AChE,
ATCh and ethyl parathion (10 pM, 100 plB) Fluorescence spectra of BSA@AUAg NC in the presarice
CU** ions (9.76-10000 puM XC) Fluorescence quenching curve versus concentrafi@/* ion (inset image:
BSA@AuUAg NC in presence of Elions under UV illuminator)(D) Variation of ks, of BSA@AuAg NC with
time in the presence of ATCh (10-500 uNE) ) Fluorescence spectra of BSA@AUAg NC in the presefice
ethyl parathion (0.005-1000 nMJF) Fluorescence quenching efficiency curve versus exnation of ethyl
parathion.
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Figure 5. Fluorescence response of BSA@AuUAg NC towards @iffe©Ps and other pesticides (concentration
of all pesticides was taken as 1 nM whereas coration of C3*, AChE and ATCh were taken as 5 mM, 300
mU/mL and 15 uM respectively,Bnd F represent the fluorescence intensities irabisence and presence of

pesticide, respectively)

Table 1. LOD values for ethyl parathion detection basealoeady reported methods/techniques as compared
to the present method

Technique Used/substrate LOD (concentration) Reference
GC-MS/MS 3.44 uM 14
Surface enhanced Raman Scattering (SERS) 10 uM 19
Electrochemical 0.54 nM 47
Colorimetric assay 0.27 nM 24
Colorimetric immunoassay 2.8 pM 48
Direct-Fluorescence ELISA immunoassay 0.68 nM 25
Fluorometric based Quantum dots 0.325nM 27
Fluorometric based Carbon dots 858.2nM 29
QD-AChE aerogel microfluidic chip 0.97 pM 49
Fluorometric based bimetallic NC 2.40 pM Present work
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Table 2. Percentage recovery obtained for detection ofethgl parathion in spiked water and food samples

using the designed assay

Sample type Regression Spiked Amount Amount found Recovery %
Coefficient (R%) (nM) (nM)

Tap water 0.97 1 1.03 103
100 93 93
Soil water 0.97 1 1.02 102
100 96 96
Orange juice 0.98 1 1.03 103
100 99 99
Apple juice 0.95 1 1.05 105
100 92 92
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Highlights

One pot rapid green synthesis of bimetallic nanoclusters using BSA as a scaffold
(BSA@AuUAg NC).

Development of dual biosensor by utilizing enzymatic reaction of acetylthiocholine
for the detection of ethyl parathion and Cu®" ions.

BSA@AuAg NC showed fluorescence quenching in the presence of Cu® ions,
exhibiting LOD of 184 nM.

Ultrasensitive detection of ethyl parathion using NC-enzyme probe with LOD value
up to 2.40 pM was calculated.

The LOD noted for bio-sensing of ethyl parathion is one of lowest reported in the
literature so far across different techniques.

The proposed assay depicted good relevancy and robustness in real samples along

with tested non-interference analysis with other pesticides.
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