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ABSTRACT

A biosensor was fabricated to detect pesticidedood samples. Acetylcholinesterase was
immobilized in a novel fenugreek hydrogel- agarosgrix with gold nanoparticles. Transparent
thin films with superior mechanical strength andbdity were obtained with 2% fenugreek
hydrogel and 2% agarose. Immobilization of acetlictesterase on the membrane resulted in
high enzyme retention efficiency (92%) and a sigaiitly prolonged shelf life of the enzyme
(half-life, 55 days). Transmission electron micisg revealed that, gold nanoparticles (10 to 20
nm in diameter) were uniformly dispersed in the ugneek hydrogel-agarose-
acetylcholinesterase membrane. This immobilizedymezgold nanoparticle dip-strip system
detected various carbamates, including carbofuraamyl, methomyl, and carbaryl, with limits
of detection of 2, 21, 113, and 236 nM (S/N=3),pextively. Furthermore, the fabricated
biosensor exhibited good testing capabilities wheed to detect carbamates added to various

fruit and vegetable samples.

Keywords: Acetylcholinesterase, Fenugreek hydrogel, AgarGs#d nanoparticles, Pesticides,

Carbamates.

Abbreviations. Agarose (A); Acetylcholinesterase (AChE); acetybtholine chloride (ATC);
5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB); femegk hydrogel (FH); gold nanoparticles
(GNPs); Limit of detection (LOD); maximum residubnits (MRL); transmission electron

microscopy (TEM)



1. INTRODUCTION

Pesticides are widely used in agriculture and deipgnon their aqueous solubility; they either
remain in the soil or enter surface and ground msat€ompounds resulting from pesticide
degradation can persist in animals, vegetablesyeater sources and become more concentrated
as they move up in the food chain [1]. Unfortungtetany of these compounds are highly toxic,
with the majority being hazardous to both humaritheand the environment. Therefore, reliable
and rapid measurement of pesticides in water aodisfes of great importance [2].

Several analytical methods can be used to detaticjgkes with high sensitivity, but they often
involve tedious sample preparation steps, and tiesd to be conducted by highly skilled
personnel, using expensive equipment [3-6]. Cormelty) there is an impetus to develop
biosensors for detecting pesticides, with an ohjecbf simplifying or eliminating sample
preparation, with less technical expertise andysical equipment. Although several enzymes
can be used to develop biosensors for pesticidectiet, those based on acetylcholinesterase
(AChE) are preferred when rapid toxicity screenwi¢h high specificity is required [7]. The
main application of AChE biosensors is detectiopesticides, based on enzyme inhibition. To
date, most studies have focused on detection @nogghosphorus insecticides, whereas only a
few involved carbamate insecticides, even thoughlafter are widely used due to their broad
spectrum of activity [8].

Recently reported sensors for detecting carbamatdade prussian blue (PB)-multi-walled
carbon nanotubes (MWCNTs) modified screen-printktteodes (SPES) used to immobilize
AChE for detecting carbamate insecticides [9]. Tassor could detect pirimicarb with a limit of
detection (LOD) 0.532 ng't. Another AChE biosensor developed using polyaaitmd multi-

walled carbon nanotubes core—shell modified glasagbon electrode, detected carbamate



pesticides in fruits and vegetables, with LOD of and 0.95uM for carbaryl and methomyl,
respectively [10]. In another study, Assis et @ported an AChE-based optical biosensor which
detected two carbamates (carbaryl and carbofurargoacentrations of 33.8 and 0.9V,
respectively [11].

FenugreekTrigonella foenum-graecum) is an annual herb in the family leguminosae. lgeaek
seeds contain mucilage (28%) and gums (23%) andaare&h source of polysaccharide
galactomannan. Fenugreek gum is used as a thicketadilizer and emulsifier in many food
products. Among 14 commercial gums tested in dwaiker emulsion model system, fenugreek
gum exhibited the highest stabilizing propertie®, [13]. Similar to guar gum and locust bean
gum, fenugreek gum is composed of galactose andchosan which have high viscosity in
agueous solutions [14, 15]. It was also found guatr gum, with high galactose content, swells
and dissolves readily in cold water, whereas lobestn gum (LBG) needs heating to dissolve.
The solubility of tara gum is intermediate [16].pigally, fenugreek gum (FG) has mannose to
galactose (M/G) ratio of about 1, guar gum (GG)uts) tara gum (TG) about 3, and the locust
bean gum (LBG) M/G ratio is usually about 4. Mamgperties of galactomannans are related to
the M/G ratio. The higher the M/G ratio, the lowke solubility. Thus, in comparison to these
other gums, fenugreek gum has higher water solylahd swellability due to more galactose
content [17]. Being a sugar-based hydrogel, ferelgrgum is an excellent matrix for drug-
delivery systems and enzyme immobilization becafs#s high water content, homogeneity,

stability, swellability and expected non-toxicithg].

Although different studies have characterized naomeiproperties of fenugreek galactomannans,
an enzyme immobilization application in biosensbes apparently not been reported. The

objective of the present study was to fabricateehmano-bioconjugates to develop a fast,



reliable and economical method for quantifying éraoncentrations of carbamates. Fenugreek
hydrogel (FH) and agarose (A) sol-gel were usenntoobilize gold nanopatrticles (GNPs) and

AChE for fabrication of an optical biosensor.

2. MATERIALSAND METHODS

2.1. Materialsand chemicals

Fenugreek Trigonella foenum-graecum) seeds were obtained from a supermarket in Pune,
Maharashtra, India. Acetylcholinesterase from electeel (Electrophorus electricus),
acetylthiocholine chloride (ATC), gold (Ill) chlate trihydrate, pesticides and other chemicals

were purchased from Sigma Aldrich (St. Louis, MCGBA).

2.2. Instrumentation

Transmission electron microscopy was performedguaiiditachi H-7100 Electron Microscope
(Hitachi, Tokyo, Japan). A Sunrise Basic ELISA rea(Tecan, Maennedorf, Switzerland) was
used for analyzing 96-well plates. In addition, alibs Alpha UV-Visible spectrophotometer

(Thermo Spectronic, Cambridge, UK) and Branson 5&lflasonic instrument (Branson

Ultrasonic Corp., CT, USA) were also used.

2.3. Synthesis of gold nanoparticles

Gold nanoparticles were prepared as described yaNend et al., [19]. A solution of HAugLI
(2.0 mM) was prepared in 20 mL deionized water (RIWhe solution was heated on a stir/hot
plate, with continuous stirring. Once the solutimegan to boil, 2 mL of sodium citrate (38.8
mM) was added drop wise until the color changedfiellow to deep red indicating formation
of gold nanoparticles (GNPs). This solution of GNB95 mM) was allowed to cool and was
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stored at room temperature until further use. Tofiom the formation of GNPs, absorption
spectra of the GNPs solution as well as HAwIlution were taken and compared, as GNPs
have a characteristic absorption peak around 520 nvhich is absent in case of HAuCI

solution. TEM was also performed to check the quali GNPs synthesized.

2.4. Enzyme activity

Acetylcholinesterase (AChE) activity was determi@ded on the method of Ellman et al., with
some modifications for a microplate reader [20]eBy, 90 pL of phosphate buffer (0.1 M, pH
8.0) was added to the microwell plate. Then 100qil5, 5'-dithiobis-(2-nitrobenzoic acid)
DTNB (0.6 mM in NaHCQ solution) and 100 pL of acetyl thiocholine chl@i@ATC) substrate
(5 mM) were also added to the microwell plate. €heyme reaction was initiated by addition of
appropriately diluted AChE enzyme (10 pL). Afteddtbn, the content of the plates was mixed
gently and incubated at room temperature (25°Chv€sion of DTNB to 5-thio-2-nitrobenzoic
acid (TNB) was estimated by taking OD at 405 nrarafD min as a measure of the hydrolysis of
ATC into thiocholine. Formation of thiocholine waalculated by the extinction coefficient of

TNB (e = 1.36 x10 mL mmol*cm?).

2.5. Immobilization of AChE in fenugreek hydrogel (FH) - agarose (A) membrane

For preparation of fenugreek hydrogel, fenugreak fpowder was obtained from dry fenugreek
seeds using a grinder. The fine fenugreek powdes ttained was weighed (2.0g) and added to
100 mL distilled water and was stirred for 30 min @ magnetic stirrer, followed by

centrifugation at 6000 rpm (30 min, Z5). The clear viscous supernatant containing gumas a



pectins (fenugreek hydrogel, 2%, w/v) was stored’@tpending further use, while the insoluble
precipitate was discarded.

Agarose solution (2%) was prepared in distilledenait 100C with constant stirring until it
gelatinized. For enzyme immobilization, fenugregkiogel (0.5 mL, 2%) and agarose (0.5 mL,
2%) were mixed together at 8D and allowed to cool to 8G for membrane casting. The blank
(without enzyme) and enzyme membranes were prepardadsting. Enzyme (50 pL of AChE,
100 mU) was added to freshly prepared gel solutaortsthoroughly mixed. In addition, 50 pL
of GNP solution (0.9 mM) was added to the abovetunéx This solution was vortex mixed for 5
sec to prevent aggregation and to ensure unifostnilolition of enzyme and nanoparticles in the
solution. Soda-lime glass coated with an inert tpdamaterial was used as a support for
membrane casting [21]. A simple drop-cast method wsed for gel deposition. After overnight
drying, membranes were carefully detached from dlass support. The resulting enzyme-

nanoparticles-immobilized membranes were stordd@tunder moisture-free conditions.

2.6. Entrapment efficiency of AChE

A square piece (5 x 5 mm) of AChE-immobilized meam® was rinsed with assay buffer to
remove unbound/excess enzyme. Further, it was atedhwith 300 uL AChE substrate (100 pL
of phosphate buffer (pH 8.0, 0.1M), 100 pL of DTB6 mM in NaHCQ solution) and 100 pL

of ATC substrate (5 mM)) at room temperature fomdifl. The reaction was stopped by removal
of the membrane, and enzyme activity was estimayececording OD at 405 nm (determining
hydrolysis of ATC into thiocholine). Entrapmentieféncy was calculated as percentage residual
activity as compared to the soluble enzyme. Entepgnefficiency of membranes with and

without GNPs was also calculated to check the amfae of GNPs on immobilized AChE



activity. Michaelis Menten constant for both freedaimmobilized enzyme systems was

calculated using a Lineweaver-Burk plot.

2.7. FH-A-AChE- GNPs dip-strips fabrication

To fabricate dip-strips, transparent polypropyl@testic sheets were cut in strips (5 x 50 mm).
Whatman filter paper (5 x 5 mm) was fastened (witlible-sided adhesive tape) to one end of
the strip, to act as a test area. To make an enaymebilized membrane, a stock solution was
prepared containing fenugreek hydrogel agarosel()l AChE (50 pL, 100 mU) and GNPs (50
pL, 0.95 mM). This stock solution was vortex mixied 5 sec to prevent aggregation and to
ensure uniform distribution of enzyme and nanopkedi in the solution. Finally 50 pL of the
stock solution was drop-casted on the test areeotip-strips.The FH-A-AChE-GNPs dip-
strips were allowed to dry at room temperature gt in a dust free environment. The next

day, newly formed AChE immobilized dip-strips wetered in an airtight container &iGl

2.8. Microscopic characterization of FH-A-AChE-GNPs dip-strips
Size and morphology of synthesized GNPs in soluti@re investigated using transmission
electron microscopy (TEM). Furthermore, TEM wasoatfone to assess the presence and

distribution of nanoparticles in the immobilized HAChE-GNPs membrane.

2.9. Response curve of FH-A-AChE-GNPs dip-strips

For response curve analysis, the enzyme-immobilmethbrane was detached from the FH-A-
AChE-GNP dip-strips. The detached transparent mangwas placed in a 96 well microwell
plate with 100 pL of phosphate buffer (pH 8.0, 0)1¥hen, 5 pL of substrate DTNB (0.6 mM

in NaHCQ; solution) was added and absorbance was recordag 80 s for 15 min to evaluate
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enzyme responses to the substrate. For blank tiorree membrane without enzyme was used
for each reading. Similar evaluations were donérsibluble enzyme in lieu of immobilized
enzyme, to compare enzyme responses to substfate bad after immobilization.

An extended analysis was performed for the FH-A-B@INPs membrane by further addition
of 5 pL of substrate 15 min after completion (répda3 times). Both the soluble and
immobilized enzyme systems were subjected to thiitiad of substrate, and the resulting

response curves were compared.

2.10. Effects of pH and temperature on the dip-strip sensor

The biosensor was tested at various temperaturéspbin The FH-A-AChE-GNPs dip-strip
sensitivity for temperature was studied within thege of 10—-10T. In addition, pH-dependent
studies of soluble and FH-A-AChE-GNPs dip-stripsevalso done. Acetate buffer (pH 3.0-5.0),
phosphate buffer (pH 6.0-8.0) and glycine sodiumrbdyide buffer (pH 9.0-10.0) were used in

the assay system.

2.11. Pesticide detection: linear range and limit of detection (LOD)

Inhibition profiles of the FH-A-AChE-GNPs dip-stepwere assessed with four pesticides:
carbaryl (sparingly water soluble/organic solverdgluble), carbofuran (sparingly water
soluble/organic solvent soluble), methomyl (watduble) and oxamyl (water soluble). For each
pesticide (inhibitor), calibration was plotted, stirusing a wide concentration range and
subsequently using a narrow linear range (to deterthe linear range of the system) and finally

the LOD [21].

2.12. Fabrication reproducibility and storage stability of FH-A-AChE-GNPs dip-strips



The fabrication process of dip-strips was evaluédeduitability of the novel composite material
used. Adhesion of the membrane to plastic supp@d writical. Ten enzyme assays were
performed using dip-strips from different batches &ssess fabrication reproducibility.
Furthermore, storage stability of the dip-stripssviavestigated by determining the activities of
the immobilized enzyme every 5th day when storedi°& under dry conditions, until the
residual activity of the immobilized enzyme was %50f initial activity. For comparison, the
storage stability of soluble enzyme stored undemilar conditions was also assessed.
Interference in pesticide detection was checkegrasence of different compounds including
glucose (0.5 mM), sucrose (0.5 mM), ascorbic abi& (M), citric acid (0.5 mM) and metal
ions including copper ions (10nM), ferrous ions () and zinc ions (10nM). Further
interference in pesticide detection in presence otfer pesticides (carbofuran, oxamyl,

methomyl, and carbaryl) was also checked.

2.13. Application of FH-A-AChE-GNPs dip-strips: Real sampletesting

Fabricated dip-strips were checked for practichidity using samples of fruits and vegetables
including, orange Gitrus sinensis), ber ¢iziphus mauritiana), tomato(Solanum lycopersicum)

and cabbagéBrassica oleracea). All the fruits and vegetables were purchased fronocal

market in Taipei. Each sample was rinsed, chopptxidmall pieces and juice (50% v/v) was
prepared using a juicer after addition of phospbatéer (pH 8.0). Each sample was spiked with
a known amount of pesticide and vortexed to prepamiform solution. Thereafter, test samples
containing pesticides were centrifuged at 10,0000 flor 5 min, and the supernatant was
transferred in 96 well plates (300 pL per well).eTenzyme immobilized dip-strips were

incubated with the sample in the test plate formib with shaking (50 rpm). After incubation,
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dip-strips were transferred to the substrate pdaid incubated with 300 pL of substrate for 10
min with shaking (50 rpm). After incubation, dipips were removed and absorbance of the

substrate (product) plate was recorded at 405 nestimate pesticide content.

3. RESULTSAND DISCUSSION

For pesticide detection, a nanomaterial-enzyme coagsical biosensor was fabricated and
characterized using a fenugreek hydrogel - agaomseposite entrapped AChE with gold

nanopatrticles. The reaction scheme for the enzgras follows:

AChE

Acetylthiocholine » Thiocholine + Acetate
Thiocholine + DTNB * Nitrobenzoate
(Colorless) (Yellow Color)

3.1. Characterization of immobilized AChE

For acetylcholinesterase immobilization, a total9ohano-biocomposites were screened with
fenugreek hydrogel (1%, 2%, and 3%) and agarose €P%and 3%) and their combinations
thereof. The combination with fenugreek hydrogéf)2%) and agarose (A) (2%) was the most
efficient (Data not included). It yielded a transgra thin film with superior mechanical strength
and stability. Enzyme immobilization efficiency fAIChE with and without GNPs were 85.16%
and 92.28%, respectively (Table S1, SupplementaateNal). These immobilization efficiencies
were better than the 70% and 66% reported in twdhef recent studies regarding AChE
biosensors fabrication, [23, 24]. The, Kf the free and immobilized AChE immobilized with
GNPs were 0.348 and 0.243 mM, respectively. Thenghan K, was probably due to the

hydrophilic nature of the bio-composite.

Preferred Position For Figure 1.
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3.2. FH-A-AChE-GNPs dip-strip fabrication and TEM analysis

For pesticide detection FH-A-AChE-GNPs dip-stripsrevfabricated with dimension of 5 x 50
mm. In the test zone (5 x 5 mm) 100 mU of AChE wasobilized along with GNPs in a FH-A
matrix (Figure 1A). The GNPs synthesis was conftainby performing absorption spectra of
GNPs solution, where a characteristic absorptiak peas observed around 520 nm, which was
absent in case of HAug3olution (Figure S1, Supplementary Material). Whil&M analysis of
the free gold nanoparticles in solution showed that particle size of the GNPs were in the
range of 10-20 nm (Figure 1B). Furthermore, the sizd shape of immobilized GNPs in FH-A-
AChE-GNPsmembrane were similar to those of the free GNPsalution. Therefore, we
inferred that GNPs were not affected by high terapges during immobilization. The GNPs
were uniformly dispersed in the membrane, eithafividually or in small clusters, thus
providing maximum electrochemical and real surfacea for enzyme immobilization and
electron transfer during the enzymatic reaction].[2% addition, GNPs in biosensors are also
known to provide a biocompatible microenvironmemt the immobilized biomolecules, which

may contribute to their stability and bioactivig].

Preferred Position For Figure 1.

3.3. Response characteristics of the FH-A-AChE-GNPs membrane

To determine the optimal time scale for the progi@gve of the FH-A-AChE-GNPs membrane,
adrop test was done as shown in Figure 2A. Measureveere done as a function of time for
the enzymatic reaction, with steady state absosacbieved after 10 min of exposure of the
biosensor to substrate. Based on the process cl@veiin of incubation time was selected for
subsequent studies. A typical response curve obitbeensor after successive addition of 5 mM

ATC is shown (Figure 2B). There was a clear changmptical density, due to a rapid response

Preferred Position For Figure 2. 12




of the sensor following addition of ATC, which apgatly was able to rapidly diffuse through

the porous structure of the sol-gel matrix.

3.4. Effect of pH and temperature on immobilized AChE

For pesticide detection, FH-A-AChE-GNPs dip-stripsre fabricated and the response of dip-
strips was tested at various temperatures and piirg=3A). Although the optimum pH of the
enzyme (pH 8.0) was not altered after immobilizatienzyme activities of the immobilized
AChE markedly improved at pH 6.0, 7.0 and 9.0. &irty, it was previously reported that the
optimal pH for AChE did not change, but that the @kives became wider in cases of calcium-
alginate and alginate/carrageenan-immobilized AChE [27]. In another giutie curves also
became wider and even the AChE optimum pH changed 7.0 to 8.0 [28]. A broader pH
curve after immobilization could be due to variaogeractions between the enzyme and the
polymeric matrix (e.g. ionic interactions, hydrogesnding, etc.). A similar response pattern was
observed in case of FH-A-AChE without GNPs indiegtthat GNP incorporation doesn'’t alter
the pH optimum of the immobilized enzyme. Even temperature study, the GNPs played a
neutral role without disturbing the optimum tempera profile (data not shown). Enzyme
sensitivity for temperature was studied within thege of 10-100C (Figure 3B). There was
increased thermal stability above 20 for the immobilized enzyme compared to the saubl
form. Previously it has been reported that the nopth temperature of immobilized AChE
increased from 38 to 4TC, with significantly increased thermal stability=0 and 6C°C [29].
The high thermal stability could enable the membértmbe used at a higher temperature, and
can increase the enzyme activity by increasingdififesion rate of substrates and products

across the membrane [30].

13



Preferred Position For Figure 3.

3.5. Detection of pesticides using FH-A-AChE-GNPs dip-strips

Pesticides detection capabilities of the biosemgene investigated by measuring the inhibitory
effects on AChE activity by various concentratioas the pesticides including carbaryl,
carbofuran, methomyl and oxamyl. Calibration plotsnhibition versus pesticide concentration
were constructed to obtain the working dynamic eamgd LOD values for the respective
pesticides (Table 1). Wide concentration inhibitiprofiles and linear relationships between
inhibition percentage and pesticide concentraticgrewobtained (Figure S2, Supplementary
Material). Linear ranges for carbofuran, oxamyltimeenyl, and carbaryl were 2 to 10, 10 to 100,
100 to 500, and 200 to 1000 nM, respectively. Hwr fabricated dip-strip, the LOD for
carbofuran was 2 nM (S/N=3), which seemed much tawan a previous report of 17 nM for

optical biosensors [31].

Similarly, the LOD for carbaryl was 236 nM (S/N=8)hich was lower than 536 nM reported for
optical biosensors in the past [32]. Moreover, @D for methomyl was 113 nM (S/N=3),
which is even better than a recently reported mlebemical biosensor which had an LOD of
950 nM for methomyl [10]. And the LOD for oxamyl @1 nM (S/N=3). Most importantly, our
dip-strip system was capable of detecting pesticateentrations below international maximum

residual limits (MRL) values [33] (WHO PesticidesRls, 2008; Table 1).

Preferred Position For Table 1.

3.6. Fabrication reproducibility and storage stability
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The fabrication process of FH-A-AChE-GNPs dip-drivas evaluated for reproducibility
(Figure 4A). Data from 10 recently fabricated dipps from various batches was compared for
enzyme activity without any inhibitor. Responsedaijricated systems to their substrate ATC
were essentially the same. Therefore, we inferedl the simple and easy physical entrapment
method devoid of any chemical treatment was swatédy AChE.

Storage stability of the dip-strips was determieeery &' day when stored at 2C under dry
conditions (Figure 4B). For soluble enzyme, thd-lif@ (loss of 50% of activity) was <10 days,
whereas after immobilization, the half-life incredsto 55 days. Therefore, the dip-strips had
much better storage stability than soluble enzylruethermore, 96% activity retention after 20
days was apparently better than 83% activity resardfter 20 days and 89.1% activity retention
in 15 days as reported previously [34, 35]. Sirjlathere was 94% activity retention after 30
days, compared to a previous report of 88% actiatgntion after the same interval [36].

The interference studies results showed no notieeadterference in presence of different
compounds at 0.5 mM concentration as well as netalat 10 nM concentration. However, one
disadvantage of the reported biosensor is thatpdisécides at equivalent concentration severely
interfere with detection of each other (carbofuraxamyl, methomyl, and carbaryl), similar to

those reported in earlier reports [37, 38].

Preferred Position For Figure 4.

3.7. Application of FH-A-AChE-GNPs dip-strips. Real sample testing

The FH-A-AChE-GNPs dip-strips fabricated in thisdt were checked for practical reliability.
For fruit and vegetable juices spiked with pesgsidnd tested using dip-strips, recovery ranged
from 93 to 105% (Table 2). Therefore, the intenfiere effect of the juice component as well as

the matrix was negligible after dilution with phospe buffer (pH 8.0) and the dip-strips
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accurately estimated pesticide concentrations. lokeer pesticide biosensors, we also used
carbamates as target for fabricating our sensdemsy# this study. However, our sensor can
have wider applications because other organophtsgiesticides, heavy metal ions and some

organic compounds, etc. can also have inhibitiéecebn AChE biosensors [8, 9].

4. CONCLUSION

An optical FH-A-AChE-GNPs dip-strip based biosens@s fabricated for detection of various
pesticides. A novel bio-composite matrix (includifggugreek hydrogel and agarose) was used
to immobilize the enzyme and nanoparticles. Enzima€eing in the matrix was optimized and
the biosensor was characterized for several paeasencluding assessment of nanoparticles
(with TEM), enzyme kinetics, and the effects of pHd temperature. The fabricated FH-A-
AChE-GNPs dip-strips were also checked for fabiecatreproducibility and storage stability.
The enzyme stability was markedly improved duenwonobilization. The LOD of the current
biosensor for some pesticides seemed superioth&r oécently reported optical biosensors and
were much lower than international MRL values. Reahple testing demonstrated the practical

applicability of the fabricated optical biosensor.
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Figure 1A. Schematic representation of AChE photometric dip-sensor.
Figure 1B. Photomicrograplftransmission electron microscopy) of free and imitiedal GNPs

in FH-A-AChE-GNPs membrane.

Figure 2. Response characteristics of FH-A-AChE-GNPs mengrgh) Response time during

drop test and (B) Progress curve for sequentiadtsaie addition.

Figure 3: Effect of immobilization on optimum parametersA®ZhE; (A) Optimum pH and (B)

Optimum temperature.

Figure 4. Fabrication reproducibility (A) and storage stabi(B) of FH-G-AChE-GNPs dip-

strips.

Table 1. Limit of detection of FG-A-AChE-GNPs dip-strip $g for various pesticides.

Table 2. Detection of pesticides in spiked juices usingitsied FH-A-AChE-GNPs dip-strips.
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LOD for WHO
Pesticide FG-A-AChE-GNPs MRL
Dip-strips system (nM) (nM)
Carbofuran 2 452
Oxamyl 21 460
Methomyl 113 616
Carbarvl 236 2,485




Fruit/ Vegetable Concentration Recovery  Error
Used Pesticide Added Recovered (%) (%)
@M) (M)
Orange Carbarvl 500 4804184 97.9 2.1
(Citrus sinensis) Carbofuran 500 5181255 103.6 3.6
Methomyl 500 5263263 1053 33
Oxamyl 500 51252442 102.5 25
Tomato Carbaryl 500 4915373 983 -1.7
(Solamum Carbofuran 500 51472452 102.9 29
lvcopersicum) Methomvl 500 5176274 103.5 35
Oxamyl 500 3155441 103.1 il
Ber Carbaryl 500 304 5+492 100.9 09
(Ziziphus mauritiana) Carbofuran 500 468054 4 936 -6.4
Methomyl 500 4896255 979 2.1
O=xamyl 500 4810363 96.2 3.8
Cabbage Carbaryl 500 4843232 96.9 3.1
(Brassica oleracea) Carbofuran 500 48854656 97.7 23
Methomyl 500 5092463 101.8 18
Oxamyl 500 48352244 96.7 3.3
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RESEARCH HIGHLIGHTS

Titlee Fenugreek hydrogel-agarose composite entrapped gold nanoparticles for
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RESEARCH HIGHLIGHTS

» Acetylcholinesterase (AChE) dip-strip biosensor fabricated to detect carbamates.

* AChE entrapped in fenugreek hydrogel-agarose matrix with gold nanoparticles (GNPs).
» High enzyme retention efficiency (92%) and shelf life (half-life, 55 days).

» Detection limits of carbofuran, oxamyl and methomyl: 2, 21 and 113 nM.

» The biosensor had good testing capabilities to detect carbamates in food samples.



SUPPLEMENTARY MATERIAL
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Table S1: Influence of GNPs on Immobilization efficiency of AChE.

I mmobilization AChE Units AChE Units after I mmobilization
System Immobilized (mU) | Immobilization (mU) | Efficiency (%)
FH-A-AChE 5.000 4.258 85.16
FH-A-AChE-GNPs 5.000 4.614 92.28
Figure S1: Absorbance spectra of gold chloride (HAuCl,) and GNPs.
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Figure S2: Linear inhibition concentration range of different pesticides for FH-A-AChE-GNPs

dipstrips system.
60 40
g0 i S 30
- -
= 40 =
S 30 5 g 20 A
E 20 e y=4.1273x E /f y=02939x
= =3 FE=0.9612 = 10 £y —
Z 10 = R:=00751
— D '(/i T T i D T T
0 5 10 15 0 50 100 150
Carbofuran Concentration (nM) Oxamyl Concentration (nM)
_ 80 30
3 _
< 60 £
= * /,}"’,i = 20 ’/;
8 40 s F
2 5 y=0126lx 2 1
% f/,{" R*=0.9504 v=0.0241x
0 . . 0 . R?=0.0644
0 200 400 600 0 500 1000

MMethomyl Concentration (nM\)

Carbaryl Concentration (nM)




