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Detection of Phthalate Esters in PET bottled Drinksand Lake water using

Esterase/PANI/CNT/CuNP based Electrochemical Biossor
Abstract

Phthalate esters (PEs) are the most common piastcthat tends to exhibit endocrine
disruption. Since, these PEs are used in the metuuéaof PET bottles and PVC products: point
of exposure magnifies up on consumption of PETIéa@nd plastic container stored drinking
water and beverages. Apart from human exposureE®) Bioaccumulation of PEs and toxic
effects among wildlife also seems to be divergémtthe present study, an enzyme-based
biosensor for the detection of PEs was developexvéocome the tedious extraction procedures
involving PE extraction and sophisticated instruteefior the detection. Linear Sweep
voltammetry analysis of Nafion (NF) surface modifiglassy carbon electrode with esterase
(EST) and nano-components was carried-out. Peaapal of individual PEs were in the range
of -1.72 to -1.82 V at the concentration of 1x ®10mmol L. Sensitivity of
EST/PANI/CNT/CuNP-NF modified GCE was determinedienrms of detection limit and was
calibrated to be 0.03-0.08 nmol'LThus, the developed enzyme based electrocheminabse
could be successfully employed in determining PRoskre in humans and bioaccumulation
among aquatic flora and fauna yi@aonsumption of PET bottle stored drinks and indlaist

effluents discharged into the lakes.
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1. Introduction

Among the known endocrine disruptors the most ubigs are the esters of 1-2-
benzenedicarboxylic acid commonly known as phteakdters. Ortho-phthalate diesters are
commonly produced by alcoholic esterification ofthglic anhydride and di (2-ethylhexyl)
phthalate (DEHP) constitutes more than 80% of ¢ti@ phthalate production all over the world
[1]. It had been suggested that DEHP pose higloedtity and endocrine disruptive threat to
human race, especially to the young children, itsfgoregnant and nursing mothers [2]. Number
of recent researches have suggested declining iinethé reproductive hormonal levels, damage
to sperm DNA and count in male adults; whereasja¢del risk of altered breast development,
breast cancer, premature puberty and prostate ekandemales [3]. Among wildlife, phthalate
esters (PEs) tends to cause immunotoxicity, nexigtyg and endocrine disruption with an
extended reports on reproductive disorders [4]c&ilPEs are not covalently bound to the poly
vinyl chloride (PVC plastic) molecular structuréey leach, migrate, and evaporate directly into
foodstuffs and atmosphere exposing human beingEwvia., ingestion, inhalation and dermal

routes [5].

Leaching of phthalates into food from packagingynf PET (PETE, polyethylene
terephthalate) bottles into beverages and mineagéényvand from corks of glass bottles has been
reported. Phthalates leaching into orange juicenftetra packaging were 110 times above the
safe intake limit of 6.Qug/L set by US EPA (United States Environmental &tbon Agency)
during its shelf life and until close to its expuhate [6]. A maximum admissible concentration

(MAC) of 3 pg L™ for DEHP in water is established by the U.S. Emwinental Protection



Agency (EPA) [7]. DEHP is the most widely used Rifl & encompasses a quarter of the total
production of plasticizers. Maximum PE concentmatino the water samples of Asan Lake of
Korea was reported to be 2.29 pgwith bioaccumulation of 1081 pg Kgdw™ in fish [8]. The
guideline for safe drinking water given by World &lth Organization (WHO) and European
Union (EU) in their water policy is set to be 8§ L DEHP as safe limit in fresh and drinking

waters, according to list of priority compounds ipgsendocrine disrupting hazards to human

[9].

Mostly, the extraction and pre-concentration steyes performed in advance to analyze
trace levels of PEs in water samples, conventiomethods include solid-phase extraction and
liquid-liquid extraction [10, 11]. Contemporary dytecal techniques used to measure phthalate
concentrations in food products and beverages, asdajas chromatography/mass spectroscopy
(GC/MS), require expensive and complicated instmisyetrained professionals and laboratory
environment with stringent conditions over samplprgcedures [12, 13]. In the recent years,
though researches involving the electrochemicalcqadtz crystal microbalance analysis of PEs
have been reported, requirement to develop a teletd highly sensitive quantification system
remains an urging issue [14,15,16]. This develognnesy provide on-site real-time detection
and measurement of phthalates in beverages, foodugts, medicines and environmental
samples; in turn dictating the paramount importaaroe urgency at present [17]. Thus, this is the
first report on an enzyme based biosensor for gteation of phthalate esters in drinks stored in
PET bottles and lake water contaminated with intelstffluents. In the present study, phthalate
specific esterase (EST) enzyme was used in pres#noano-composite materials and linear

sweep voltammetry (LSV) was performed.



2. Materials and methods

2.1. Chemicals and reagents

Styrene, aniline, di (2-ethylhexyl) phthalate (DBHBiethyl phthalate (DEP), dimethyl
phthalate (DMP), dibutyl phthalate (DBP), butyl-aghphthalate (BBP), Acetylene and Nafion
(NF) were purchased from Sigma Aldrich. Electrolgats: tetramethyl ammonium bromide
(TMAB), tetrabutyl ammonium bromide (TBAB), tetraigbammonium perchorate (TBAP) and
lithium perchlorate (LiCIQ), and other chemicals used in the experiments wer@nalytical
grade. Stock solution of PEs (DEHP, DEP, DMP, DBBP) and supporting electrolytes
(TMAB, TBAB, TBAP, LiClO,) were prepared at the concentration of 0.1 andrhOL™ using
chloroform; while working standards were prepargddiuting in distilled water. Potassium
phosphate buffer solution was prepared using 0.K@®H and 0.2 M KHPQO, at appropriate
quantities. NaOH and HCI solutions each at the epftration of 1.0 mol £ were prepared
individually using distilled water and used for asljng pH. Esterase (EST) enzyme used for the
detection of PEs was isolated from a bacterialirst@@hodococcus jostii PEVJ9 capable of
hydrolyzing micro-pollutant, DEHP [18]. Charactexttion of enzyme has also been carried-out

in our previous study [19].
2.3. Instrumentation

In the study various instruments and apparatusee weed for the characterization of
nanocomposite materials and analysis of electromd&mctivities. Initially SEM analysis was
carried-out using SEM, HITACHI S4L00 and was opedatt 10 kV; EDAX analysis using
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HORIBA instruments. Bruker Tensor 27 IR FTIR spewgteter was used identify the functional
groups in the range from 500 to 4000tXRD analysis was performed using Xpert-Pro-PAN
Analytical Instrument, using Cukradiation {=1.540598 A). Diffraction patterns were recorded
in 20 range of 10° to 80°. The identification of phasess made by referring to the Joint
Committee on Powder Diffraction Standards Inteworal Center for Diffraction Data (JCPDS-
ICDD) database using corresponding Powder DiffaactFiles (PDF). XPS analysis was
performed using Shimadzu ESCA 3100 instrument. ggeks were deconvoluted by means of a
standard CasaXPS software (v.2.3.13; product odXRS Software Ltd., U.S.A.) to resolve the
separate constituents after background subtractBlectrochemical measurements were
performed using PGSTAT-12 electrochemical Analy6®UTOLAB, The Netherlands BV)
which constitutes a standard three electrode oeitatning modified glassy carbon electrode as

working electrode, Pt wire as auxillary electroded &g/AgCl as reference electrode.
2.4. Preparation of carbon nanotube and polymer basedanocomposite material

In the preparation of nanocomposite material, atliti polystyrene (PS) sulfonated core
particles were prepared by dispersing PS particie80 mL of concentrated sulphuric acid.
Mono-dispersed PS particles were obtained by megdd g of styrene with 10 mL of aqueous
initiator containing 0.23 g of (NbHLS,0Os under nitrogen atmosphere [20]. The sulfonation
reaction was held for 4 h at 40 °C, then the proaas collected by centrifuging and washing
with distilled water [21]. The obtained wet PS/sulfted core particles were made to react with
distilled aniline monomer followed by addition atidant (NH;)»,S;0g and the reaction was held
for 12 h. The end product was centrifuged, washigd astilled water and ethanol, and dried in

vacuum at 40 °C for 24 h. Later, the dried PANItedaPS core/shell particles were dispersed in



tetrahydrofuran to dissolve PS cores [21]. ThelteguPANI hollow spheres were washed with

distilled water and dried.

Synthesis of multiwalled carbon nanotubes (MWCNTsswcarried-out by chemical
vapour deposition (CVD) method according to Muatdzal. [22]. In brief, acetylene (85,
99.5% purity) was used as a hydrocarbon sourceglicobnoparticles as catalyst, hydrogen as
carrier gas and argon for flushing the air from glgstem. The reaction temperature ranged from
500 °C to 1200 °C, reaction time was about 45 mith laydrogen flow rate was 300 mL rfin
Obtained CNTs were functionalized in presence afceatrated nitric acid (HN£. Copper
nanoparticles were synthesized by chemical reductieethod; where copper acetate was
reduced in presence of organic acid and an amineatiee at room temperature (37 °C) [23].
To these prepared MWCNTs and CuNPs, the above q@@ANI hollow spheres were added
and suspended in distilled water at the concentraif 1.0 mg mL*, and stirred continuously for
12 h at room temperature (37 °C) [24]. During rieact CUNPs and CNTs gets into the PANI
hollow spheres and adsorbs onto the surface of PAddding to the formation of

PANI/CNT/CuNP composite hollow spheres.
2.5. Preparation of EST blended modified glassy carbonlectrode

Glassy carbon electrode (GCE) of 3 mm in diametas wmitially polished with 1.0, 0.3,
and 0.05um alumina slurry successively, rinsed with doubiiiltled water and dried at room
temperature. This was followed by ultrasonicatidn PANI/CNTs/Cu NPs nanocomposite,
dispersed in distilled water at the concentratiore® mg mL' of solution for 30 min. The
resultant colloidal solution (5.0L) was then dropped onto the pretreated electradace and

allowed to dry at room temperature for 2 h [24]efth100uL of EST (5 mg mL') and 50uL



NF (Dupont 5% wt) were ultrasonicated for 30 mindab.0 uL of the suspension was
subsequently casted onto the PANI/CNTs/CuNPs nanposite modified GCE and allowed to
dry at 4°C for 2 h after each drop-casting steget,ghe enzyme and nanocomposite modified

GCE was stored at 4°C and electrochemical studeze performed.
2.6. Characterization of the nanocomposite material

The above prepared PANI hollow spheres, MWCNTSs, Bsildnd PANI/CNTs/CuNPs
nanocomposite materials were characterized usiagnétg electron microscopy (SEM) to
understand the morphology, assembly and dimensBnsrgy dispersive X-ray analysis was
carried-out to identify and quantify elemental casiion in the nanocomposite materials.
Fourier transmission infrared (FTIR) spectroscopimalysis was performed to determine the
other organic and inorganic groups involved in ititeraction and formation of nanocomposite
material. X-ray diffraction (XRD) spectroscopic &s#s was performed to analyse the
crystallinity of nanomaterials. X-ray photoelectr@pectroscopy (XPS) was performed to
analyse the composition of nanocomposite matebglaneasuring the energy of electrons.
Cyclic voltammetric (CV) analysis was performed moeasure current developed in an
electrochemical cell in response to nanocomposi¢enals and electrochemical impedance

spectroscopy (EIS) to analyse the impedance oésyst dependence to AC potential frequency.
2.5. Linear Sweep Voltammetry analysis

Electrochemical measurements were performed at rmomperature, 37+1 °C. Under
optimized conditions, 10 mL of aqueous solutiontagring 1x10° mmol L* DEHP and 0.1 mol
L't TBAB as supporting electrolyte at pH 7.0+0.1 waketain the electrochemical cell (refer
supplementary information). After applying all opized parameters, LS voltammograms were

8



recorded in the range of -1.2 V to -2.2 V, scae @t 0.9 V 8, stirring rate of 1400 rpm and
deposition time of 20 s without nitrogen purgind]2Blank solution was also scanned under
similar conditions. LSV of varied electrode compuotse PANI, PANI/CNT, PANI/CNT/CuNPs,
EST-PANI/CNT/CuNPs and commercial EST enzyme-PANITGCUNPs onto NF modified
GCE were assessed against 1X fimol L of DEHP. Peak current and peak potential of DEHP
at varied concentration ranging between (0-25) R dfinol L* was also calculated. The peak
potential for the DEHP working standard was detaedito be ~-1.72 V. Calibration plots were
obtained for PEs: DEHP, DMP, DEP, DBP and BBP sahdolutions (refer supplementary
information). Concentration of PEs in spiked andl reamples were calculated from specific

calibration plot.

2.6. Analysis of PET bottle stored drinks and lakevater

For the experimental analysis: drinking wateft danks and beverage PET bottles were
purchased from local supermarket and stored atearhbemperature. Lake water samples were
collected from different sites of Ambattur Lake, édhai, Tamil Nadu, India (13.1000° N,
80.1400° E). Ambattur Lake is a rain-fed resensirrounded by State Industries Promotion
Corporation of Tamil Nadu Limited (SIPCOT). Eachtbg stored PET bottle drink and lake
water samples were pre-treated before analysisweand analyzed in six triplicates. The peak
potentials were calculated for the concentratio®PBfbased on the calibration linear curves and
spiked standard accuracy. PEs recoveries werelatddby standard quantification from spiked
preparation before and after evaporation dependmthe determined validation elements. The
obtained values were compared with that of retentialues of GC-MS (refer supplementary

information).



3. Results and Discussion
3.1. Characterization of nano-composite material

3.1.1. SEM analysis

PANI/CNT/CuNP composite was synthesized using safed PS core shells as templates.
Initially, conductive PANI polymer was synthesized the presence of oxidant such that it
covered the PS core shells as a layer, the thiskaksvhich depends on the concentration of
aniline and oxidant added to the reaction mediuxpoSure to THF dissolute PS core shell
leaving PANI spheres hollow (Fig. 1a). To these PANIlow spheres, CNTs and CuNPs are
adsorbed; amount of adsorption depends on the ntraten of CNTs and CuNPs added to the
reaction mixture and period of time constantlyretir (Fig. 1b, ¢) and Figure 1d reveals the
adsorbed nano-components forming PANI/CNT/CuNP oamposite material along with EST
enzyme [21]. EDAX pattern revealed the surface molggy of the nanocomposite material that
has been deposited with carbon, nitrogen, oxygehcapper as major elements constituting
about 27.54, 9.34, 27.33 and 16.83 % of weight.(E&). Thus, polymer, CNTs and CuNPs are
key source for these elements; other than that esagm, sodium, potassium, calcium and iron

were present in trace concentration ranging betWdes?r 4.27 % of weight.

3.1.2. FTIR analysis
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FTIR analysis of PANI/CNT/CuNP nanocomposite matenad a stretch at 3642 ¢m
revealing the N-H stretching at 3201 and 264Big. 2a). A characteristic stretch at 1736'cm
indicated carboxylic group of nitric acid treate@ NT and oxidation of carbon atoms present on
the surface of CNTs [26] (Fig. 2b). Apart fromdkebands, C=0 and C=C stretching vibrations
at 1623 and 1521 chrcorrespond to quinoid (Q) and benzenoid (B) rifigolv are characteristic
of conducting PANI polymer. C-N stretching bandLa81cni attributed to secondary aromatic
amines and displacement mfelectrons induced by acid doping of the polymees wbserved
[27]. FTIR spectrum analysis of the synthesized BsiNnave revealed the significant
transmission peak at 623 €mwhich is attributed to Cu (1)-O vibrations (Figc)2 Thus, FTIR
spectrum of nano-composite material- PANI/CNT/Cukd¥eals characteristic bands and

stretches of nanomaterial and doped polymer usgd ZH).
3.1.3. XRD analysis

XRD analysis of the PANI/CNT/CuNP nanocompositeegded the complete blend of
polymer, f-CNTs and CuNP. The peaks correspondin@ANI were observed at 21.26 and
29.82° B with (100) and (211) as planes. The intensityheke peaks in nanocomposite material
were found to be reduced which might be due tormdism of CNT and CuNPs onto the surface
of PANI; this behaviour also suggests reductiorrgktalline property of the polymer [28, 29].
The diffraction peak at 26.5° corresponds to tieNff, in this case also reduction in intensity of
peak was observed. Nano-composite had typical pgfak3u nanoparticles at 43.31° and 50.45°
that attributed to (111) and (200) planes; whifte planes (220) and (311) at 61.53 and 73.68°
corresponded to GO nanopatrticles. Thus, the nanocomposite peakslexy¢he presence of

characteristic peaks and planes related to nanoialatand polymer, respectively (Fig.3).
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3.1.4. XPS analysis

The survey scan spectrum of nanocomposite mateveitl/CNT/CuNP has revealed the
presence of carbon, nitrogen, oxygen and coppenezits. Presence of carbon (C1s) peak at
~285.2 eV was speculated mainly due CNTs. Nitrgders) peak ~400.1 eV rooted purely from
the PANI polymer used for the preparation of nammgosite. Oxygen (O1s) peak at ~532.2 eV
was assured to be due to HCOOH used in the furadteation of CNTs and presence of Qu
Finally, presence of copper (Cuzpand 1) peak at ~934.0 eV corresponds to the copper
nanoparticles used in nanocomposite material pagipar(Fig. 4a). Carbon deconvoluted spectra
revealed peaks at 284.2, 285.7 and 287.0 eV camelapg to C-C or C-H, C-Nor C=N" and C-
O/C=0 group. The characteristic peak of polymef&4.0 eV and that of f-CNT 285.4 eV
reveals presence emeraldine form the PANI and f€NMNT nanocomposite material. The
intensity of 284.0 eV peak was found to be reduneddANI/CNT/CuNP material; this might be
due to interaction between PANI and CNTs/CuNPs.(Hig). Nitrogen (N1s) spectrum of
PANI/CNT/CuNP had four distinct deconvoluted cunss398.9, 399.1, 400.1 and 400.8 eV
corresponding to different forms of nitrogen (FMg). Peak at 398.9 eV corresponds to pyrindine
—N (=N-) form of nitrogen [31]. Peak at 399.1 eVghmi be due interaction between -N- group
and CNT/CuNP and the pyrrolic-N peak was assuntwd the peak at 400.1 eV [31, 32]. There
was raise in the intensity of the peak at 400.8r&f corresponded to the high binding energy of

—N*, suggesting interaction between N+ and protonsdiiced by acid dopants [33].

The deconvoluted oxygen (O1s) peaks were observé&sBR0, 532.1 and 533.0 eV
associated with single and double bonds betweegewxgnd carbon and attributed to O=C, O-C
and C-OH groups (Fig. 4d). There was reductiomtarisity of 531.0 eV peak compared to that

of deconvoluted peaks of CuNP and f-CNTs. This patikbutes to the hydroxyl oxygen
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attached to carbon atoms, the reduction of thi& pe¢éhe present study could be due adsorption
of nanomaterials and polymer upon each other tm fmmposite. While an increase in 532.1 eV
peak attributes to adsorbed oxygen and lattice exygesent as moisture which might be due
blended form of nanomaterials [34]. The deconvayteaks for copper (Cuzpand Cu2p,)
were at 933.6, 936.4, 953.7 and 956.2 eV (Fig. @mpared to pure CuNP to that of CUNPs in
the nano-composite material had reduced peak ityeReduction in intensity might be due to
interaction with other composite materials. Thuscorrelating increase, decrease, displacement
and raise of new peaks suggested a well-boundattten between nanocomposite materials

yielding desired PANI/CNT/CuNP matrix for the immiiation of EST enzyme.

3.2. CV and EIS analysis

CV analysis of five different surface modified dleces in presence of EST enzyme,
PANI, CNT and CuNPs onto NF modified GCE was assks$he modified electrodes were
EST-NF modified GCE, EST/PANI-NF modified GCE, EBMNI/CNT-NF modified GCE,
EST/PANI/CNT/CuNP-NF modified GCE and a commerciBlST enzyme modified
PANI/CNT/CuNP-NF modified GCE for comparison witimat of purified EST isolated from the
DEHP degrading bacterial straithodococcus jostii PEVJ9 [18]. Figure 5a illustrates a gradual
increase in anodic and cathodic peak with the maddf PANI, CNTs and CuNPs. CNTs tends
to have catalytically active surface which increaske active surface area of a modified
electrode. In addition to this, when CuNPs wer@e@lised on the surface of EST/PANI/CNT-NF
modified GCE, the peak current greatly increasey. [B the present study, it is important to
note that EST enzyme also has significant roleomtributing diffusion of ferricyanide towards

electrode surface.
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In the case of EIS, Nyquist plot of impedance spe@ represented by a semicircle
portion at higher frequencies corresponding to tedactransfer limited process, while linear
portion at lower frequencies corresponds to théusibn process. Electron transfer resistance
(Rey) at the electrode surface is equal to the senecitiameter describing the interface
properties of the electrode [36]. In the presenidgt diameter of the semicircle gradually
increased with the addition of PANI, CNTs and CuNPFg. 5b). The R of EST-NF modified
GCE, EST/PANI- NF modified GCE, EST/PANI/CNT-NF mbed GCE,
EST/PANI/CNT/CuNP-NF modified GCE and a commerciBST enzyme modified
PANI/CNT/CuNP-NF modified GCE were ~500, 2500, 328600, 3004}, respectively. These
increased rates of (R indicates the efficiency of electron transfer rateduced by
nanocomponents. EST/PANI/CNT/CuNP-NF modified eteb¢ with higher 560@ indicates
that purified EST molecules are well adsorbed twocamposite matrix as insulating layer on the

electrode surface; rather commercial esterase [37].
3.3. Linear sweep voltammetric analysis

Electrochemical response of various componentsfofrddified electrode towards 1x 10
mmol L' DEHP were measured at optimal parameters. A coesgialiincrease in peak current
was found in the following order. PANI-NF modifiecdCE <PANI/CNT-NF modified GCE
<PANI/CNT/CuNP-NF modified GCE <Commercial EST ema/PANI/CNT/CuNP-NF
modified GCE <EST/ PANI/CNT/CuNP-NF modified GCEedk potential of the electrode
components also varied with the addition of elet#raomponents, the peak potential shifted
towards lesser negative potential (Fig. 6a). Shifpeak potential was from -2.0 V to -1.9 V
when CNTs were added to PANI-NF modified GCE, then-1.72 V after the addition of

CuNPs; this shows strong interaction between namposite materials. While, no change in
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peak potential after immobilization of EST enzynméconanomatrix suggested that enzyme does
not interfere in electro-activity; in turn, nanocpasite materials improved electron transfer and
surface area for adsorption [38]. CNTs and CuNRslgeo improve sensitivity and catalytic
electroactive surface area by providing biocompaténvironment to maintain the activity of
enzyme; however, intensity of peak current incrdase presence of enzyme [36]. Upon
comparing peak current of purified EST enzyme (-@0 with that of commercial EST enzyme
(-80 MA) was higher, this revealed the specificty enzyme towards analyte (PE).
Nanocomposite material coated with purified ESTyemz revealed an excellent electron transfer
and increased peak current. This indicated surtaogrolled process and further, average
surface coverage of EST onto modified electrode sexsved to be 1.4 x 10mol cm? from

Faraday’s law (refer supplementary information).

LSV analysis was carried out at optimized paramnsegérvaried concentration of (0-25) x
10° mmol L' DEHP using purified EST enzyme immobilized ontonomaterial:
PANI/CNT/CuNP-NF modified GCE. Single peak currevds observed at each concentration
with varied intensities ranging between -20 and5-3PA; the intensity increased as the
concentration of DEHP increased (refer supplemgntdormation). PEs have highly negative
reduction potential and the peak potentials wewestigated between -1.57- 1.8 V; while, in
present study the peak potential was at -1.72 V {54 The R of DEHP calibration curve was
0.998. Thus, the LSV results clearly reveals thmedr transfer of electrons and excellent
hydrolysis of DEHP to MEHP and phthalic acid asomgd in our previous study [18]. Saeed et
al. reported electrochemical analysis of water I[dellPEs such a DEP, DMP, DBP and DPP
(dipropyl phthalate) [25]. However, high moleculeeight PEs: DEHP, DOP, DCHP and DiNP

(di-iso nonyl phthalate) which are either sparingyuble or insoluble in water did not show any
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increase peak current. Contrastingly, in the priesterdly DEHP showed gradual increase in peak
current with the increase in concentration of DEMRis action might be influenced by specific
purified EST enzyme used in the study for the hlydie of PEs which in turn had improved

electrochemical response.

LSV of the EST/PANI/CNT/CuNP-NF modified GCE in pesise to varied PEs: DEHP,
DEP, DMP, DBP and BBP each at the concentratiotxof0° mmol L™ were studied. Results
revealed slight variation among peak currents agak potentials of five different PEs. Peak
potential of ~-1.78, -1.72, -1.82, -1.77 and -1\8%ere determined in response to DEHP, DEP,
DMP, DBP and BBP; while peak current were obserngebe -87.9, -76.2, -90.1, -84.6 and -
110.9 pA (Fig. 6b). Such less significant variationpeak current and potential provides a
significant platform to determine PEs in mixtur€ureshi et al. determined peak current and
potential of DEP, DBP and DDP using hanging merainyp minielectrode and reported the
peak potentials and current to range between 1d6-A7 V, and ~80.0- 110.0 pA [14]. These
results were in agreement with the present studstibting enzyme has no significant effect on
electroactivity of modified electrodes; instead @éwvay in electrochemical determination of

high molecular weight PEs.
3.4. Limit of detection and quantification

The statistical parameters of the calibration earguch as slope, intercept, correlation
coefficient, limit of detection (LoD) and limit ofuantification (LoQ) were calculated using
statistic software OriginPro 7.5 (Table 1)> ®r DEHP, DEP, DMP, DBP and BBP at the
concentration (2-10) x 10mmol L* were 0.995, 0.998, 0.993, 0.995 and 0.999. LoD lar@

for DEHP (0.06 and 0.2 nmol ™), DEP (0.08 and 0.2 nmol), DMP (0.03 and 0.1 nmol}),

16



DBP (0.04 and 0.1 nmol}) and BBP (0.04 and 0.1 nmoi*Lat 2-10 x 10 mmol L* were
determined. RSD for intra-day and inter-day precisivere 0-3.2 % and 0.1-2.9 % (Table 2).
Accuracy of intra-day precision ranged 96-100%;l&/for inter-day precision were between 96-

100% (refer supplementary information).
3.5. Detection of PEs in PET bottle stored drinksrad lake water

LSV analysis of real samples revealed concentraifd?PEs in PET bottle stored drinking
water, soft drinks and beverage, and lake watepksmDrinking water stored for 2, 4 and 6
months were found to have 0.240+0.001, 0.379+0.0(B22+0.001 pmol t; soft drink samples
stored for 1 and 3 months to be 4.109+0.006 an@542-0.045 umol L'; beverage samples to be
0.226+0.015 and 1.824+0.010 pmat;land industrial effluent contaminated lake watemples
to be 3.146 + 0.003 pmol'L These electrochemically determined results vireragreement
GC-MS analysis (refer supplementary informatio)e Tdetection limits of PEs determined in
the present study were also compared with thatepbnted electrochemical methods in PE
detection (Table 3). This comparison reveals tlieieficy of EST and nanocomposite material
based NF modified GCE in detecting PEs (DEHP, DMBP, DBP and BBP) most commonly
present in PET bottle stored drinking water, saftks and beverages [19]. LoD (0.03-0.08 nmol
LY for PEs in the present study reveals its efficjein determining PE contamination as per US
EPA, WHO and EU standards [6, 9]. Since, shelf-¢f@an enzymatic biosensor is related to the
loss of enzyme activity over time, shelf-life of HBANI/CNT/CuNP-NF modified GCE was
determined. No changes in CV curves were observegtanized parameters up to ~100 cyclic

scans and retained its 96% activity for 40 d, wéiened at 4°C.
4. Conclusion
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This is the first report on enzyme based electrotb@ biosensor for the detection of
phthalate esters which is commonly termed as ato'eime disruptor’. In our day-to-day life, it
has become essential to be aware of the microtpalisl to which we are exposed and to be
precautious on being exposed. Present study imglihe detection of PEs in drinking water,
soft drinks, beverages and lake water samples inia@tion to determine PE contamination in
our consumables and environmental samples. Howauéner development and optimization is
essential to carry-out PE analysis in more food emdronmental samples. This would ensure
bio-monitoring, risk assessment and safety managenfePEs; concerned to analyzing viable
exposure and toxic effect causing concentrationrgtmumans and wildlife in a simple, cost-

effective and reliable manner.
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Figure 1. (a) PANI hollow sphere, (b) -MWCNT, (c)CuNP, (d) Nanocomposite material:
PANI/CNT/CuNP, (e) EDAX
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Figure 2. FTIR Spectrum of (a) PANI, (b) -MWCNT, (c) CuNP, (d) Nanocomposite
material: PANI/CNT/CuNP
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Figure 3. XRD Analysis of (a) PANI, (b) -MWCNT, (9 CuNP, (d) Nanocomposite
material: PANI/CNT/CuNP
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Table 1. Calibration parameter for the determination PEs @EST/PANI/CNT/CuNP-NF

modified GCE
Phthalate Concentration Slope (LA Intercept Correlation LoD LoQ
esters (mmol L™ nmol LY (uA) coefficient  (nmolL™) (nmol L™
(2-10)x 100  -72.1 5.5 0.9947 - -
DEHP (2-10)x 1°  -79.0 3.8 0.9950 - -
(2-10)x 100  -77.4 -4.9 0.9954 0.06 0.2
(2-10)x 100 -73.5 5.3 0.9942 - -
DEP (2-10)x 10°  -77.0 3.2 0.9961 - -
(2-10) x 10  -84.0 1.0 0.9987 0.08 0.2
(2-10)x 100  -69.8 22.9 0.9979 - -
DMP (2-10)x 10°  -72.7 18.0 0.9963 - -
(2-10)x 100 -73.1 12.6 0.9933 0.03 0.1
(2-10) x 100  -84.6 13.4 0.9964 - -
DBP (2-10)x 1°  -80.9 12.4 0.9958 - -
(2-10)x 100 -90.2 7.5 0.9954 0.04 0.1
(2-10)x 100  -76.3 23.9 0.9910 - -
BBP (2-10)x 1°  -79.8 18.8 0.9903 - -
(2-10)x 10"  -75.4 10.0 0.9997 0.04 0.1
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Table 2. Intra-day and Inter-day precision of PEs @ST/PANI/CNT/CuNP-NF modified

GCE
Analyte Spiked Intra-day Inter-day
volume (x Quantified RSD Accu Quantified RSD Accu
mmol L™ volume %  racy volume %  -racy

(x mmol LY % (xmmol L} %
DEHP 1 1.006 £0.00 0.1 10C 1.001 £0.00 0.z 10C
DEP 1 1.003+0.00 O0.€ 9g 1.009+0.0 1.2 10C
DMP 1 1.003+£0.00 0.C 99 0.999 £ 0.00 O0.€ 99
DBP 1 0.999+0.00 0.4 98 0.995+0.02 2.4 9g
BBP 1 0.985+0.03 3.7 98 0.999+0.0 1.C 9g
DEHP+DEP 2 1.961 £0.05 2.7 98 1.94+0.04 2.t 97
DEHP+DMP 2 1.96 £ 0.05 3.C 98 1.998 £0.00 1.C 10C
DEHP+DBP 2 1.967 £0.05 3.C 98 1.97+0.05 2.¢ 98
DEHP+BBP 2 1.988+0.11 O0.F 99 2.002 +0.00 0.1 10C
DEP+DMP 2 1931 £0.06 3.2 96 1.977£0.03 1.t 98
DMP+DBP 2 1.999+0.00 0.0¢ 99 2.008 +0.00 0.2 10C
DBP+BBF 2 1.998+0.00 0.z 10C 1.973+0.00 2.2 98
DEHP+DEP+DMP 3 2.993£0.01 0.z 10C 3.0 £0.00 0.2 10C
DEHP+DEP+DMP 4 4.008£0.00 0.1 10C 3.97 0.0 1t 9g
+DBP
DEHP+DEP+DMP 5 5.003 £0.007 0.1 10C 4966 +£0.05 1.1 99
+DBP+BBP
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Table 3. Efficiency of EST/PANI/CNT/CuNP-NF modified GCE Vs existing Electro-
chemical methods in PE detection

PE source and Mode of detection Detection limit | Reference
quantification (LoD)
Drinking water, Enzyme and nanocomposite DEHP, DEP, DMP,| Present
0.24- 0.52 pmol I | material based NF modified GCE DBP, BBP: 0.06, | study
0.08, 0.03, 0.04,
0.04 nmol [
Soft drink, Enzyme and nanocomposite DEHP, DEP, DMP,| Present
4.10- 12.65 pmol t | material based NF modified GCE DBP, BBP: 0.06, | study
0.08, 0.03, 0.04,
0.04 nmol [*
Beverages, Enzyme and nanocomposite DEHP, DEP, DMP,| Present
0.22- 1.82 umol ! | material based NF modified GCE DBP, BBP: 0.06, | study
0.08, 0.03, 0.04,
0.04 nmol [
Lake water, Enzyme and nanocomposite DEHP, DEP, DMP,| Present
3.146 pmol [* material based NF modified GCE DBP, BBP: 0.06, | study
0.08, 0.03, 0.04,
0.04 nmol !
Liquor samples, 5.01 Molecularly imprinted polymer | DINP: 27 nM [16]
20.0 mM based GCE
Manicure and PVC | Microfluidic channel coupled with PEs: and ~12.5- [15]
products, 0.15 nM- | an electrochemical sensor 35.2 pM
10.0uM
Gas particulates, 20, Quartz crystal microbalance DBP: <1.0 ppb [39]
ppb-2 ppm coated with Au decorated ZnO
porous microspheres
DEHP in deionized | EIS technique incorporating a Linear range of [40]
MilliQ water novel interdigital capacitive sensoresponse between
1-100 pg mr*
Water and juices, 20 EIS based on micro electro- Detection range, | [17]
ppm mechanical system DEHP: 0.002- 2.0
ppm
Water stored in PVQ Square wave voltammetric Water soluble PEs | [25]

coolers and plastic
bolttles, 0.728 pmol
L-

analysis using GCE

(DMP, DEP, DBP,
DPP): 0.47 umol L
1
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Non-aqueous 1. Solid phase extraction 1. HMDmE [14]
methanolic extract, combined with hanging mercuryDEP: 0.3 uM
1.0-3.0x 10 M drop minielectrode detection | DBP: 0.3 uM
(HMDmE) DDP: 0.5 uM
2. Solid phase extraction DAP: 0.3 uM
combined with modified silver | 2. AQSAE
solid amalgam electrode DEP: 3.0 uM
detection (AgSAE) DBP: 2.0 uM
DDP: 4.0 uM
DAP: 4.0 uM

Note: DINP: diisononyl phthalate; DDP- didecyl phthaldB&yP: dially phthalate
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Highlights

Phthalate esters, modulator in PET bottle manufacturing and a critical environmental
pollutant are endocrine disruptors

Detection of phthalates: nano and micro level toxicant via., conventional methods is
expensive

This is first report on esterase enzyme based electrochemical detection of phthalate
esters

Limit of detection for phthal ate esters ranges between 0.03-0.08 nmol L™

Enzyme and nanocomposite modified glassy carbon electrode tends to be simple and

cost -effective
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