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We report the development of an ultrasensitive electrochemical sensor using polyaniline (PANi) and carboxyl
functionalized multi-walled carbon nanotubes (fMWCNT) for the detection of organophosphates (OPs) in real
samples. The sensor was tested in the linear concentration range of 10 ng/L to 120 ng/L. The limit of detection
(LoD) was found to be 8.8 ng/L with sensitivity 0.41 mA/ng/L/cm? for chlorpyrifos (CPF); and 10.2 ng/L with
sensitivity 0.58 mA/ng/L/cm2 for methyl parathion (MP). The vegetable samples (cucumber) were also tested.
The average % recovery for CPF and MP were found to be 98.05% and 96.63% respectively. The developed sen-
sor showed stability for a period of 30 days. The interference of the sensor was studied with heavy metals (cad-

mium (Cd), chromium (Cr), lead (Pb), arsenic (As)) which was found to be < 10%. The developed sensor will
play a major role in real-time monitoring of food products, leading to food safety.

1. Introduction

The use of OPs has resulted in multi-fold increase in crop produc-
tion (Hassani et al., 2017). Although the use of OPs intended to con-
trol pest, consequently increasing yield; rampant usage of such chemi-
cals has endangered life by interacting with non-target ecosystem such
as water, soil, food, air, etc (Battaglin et al., 2016). Among other class
of pesticides, organophosphates are of major concern, because they ex-
hibit irreversible inhibition reaction with Acetylcholinesterase (AChE)
enzyme (Arduini, Guidone, Amine, Palleschi, & Moscone, 2013).
AChE is an active enzyme which aids in the conversion of neurotrans-
mission agent acetylcholine into thiocholine and acetate (Darvesh et
al., 2008). OPs enter human body through air, food or water sources
causing an irreversible inhibition mechanism with AChE enzyme result-
ing in the accumulation of acetylthiocholine. This may cause severe
health issues such as muscular dystrophy, neurological disorders, repro-
ductive disorders, may lead to fatality (Costa, 2006). Therefore, de-
tection and quantification of OPs with utmost precision is critically im-
portant. CPF and MP are most commonly used OPs in agriculture; even
trace amounts are highly toxic and have high retention time within the
food chain (Verma & Bhardwaj, 2015).
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Conventional techniques such as Mass Spectroscopy (MS), Gas Chro-
matography-Mass Spectroscopy (GC-MS), High-Performance Liquid
Chromatography (HPLC), Enzyme Linked Immuno-sorbent Assay
(ELISA), other immunoassays are utilized for OPs detection (Di Ottavio
et al., 2017; Grimalt & Dehouck, 2016). Aforementioned techniques
require large sample volumes, sophisticated analytical laboratory, high
operational cost and are time-consuming. Various analytical techniques
for OP detection have been developed based on sophisticated electro-
chemical system using nanoparticles and composites to address the lim-
itations of conventionally available detection techniques (Deng, Liu,
Liu, Dong, & Li, 2016; Peng, Dong, Wei, Yuan, & Huang, 2017;
Wei, Zeng, & Lu, 2014).

Recently, carbon nanotubes and conducting polymers have been
used in sensing applications owing to their excellent properties includ-
ing high surface area, electrical conductivity, chemical stability and
electrochemical property (Alhans et al., 2018; Le, Kim, & Yoon,
2017; Moraes, Mascaro, Machado, & Brett, 2009). Considering all
the above-mentioned properties, polyaniline (PANi) and MWCNTs based
nanocomposite is a well-proven combination for electrochemical sen-
sor fabrication. PANi and MWCNTs based nanocomposite provide ex-
cellent redox activity and stability (Cesarino, Moraes, & Machado,
2011). AChE immobilized on PANi and PANi-MWCNT composite have
been reported for the detection of



S. Nagabooshanam et al.

various pesticides such as carbofuran, paraoxon, malathion, coumaphos,
trichlorfon, aldicarb, methiocarb (Chen, Chen, & Du, 2010; Ivanov
et al., 2002; Li, Zhao, Shi, Han, & Xiao, 2017). Previously reported
techniques for PANi-fMWCNT composites require cumbersome synthesis
procedures and use harmful chemicals.

In the present work, the main focus is to develop a simple, sensitive
and low-cost sensing platform to detect OPs. We report the development
of an ultrasensitive electrochemical sensor based on AChE enzyme im-
mobilized PANi-fMWCNT hybrid nano webs. The hybrid PANi-fMWCNT
is electrochemically synthesized by cyclic voltammetry (CV) technique,
which provided in-line transfer of PANi-fMWNTs onto the conductive
Indium Tin Oxide (ITO) surface without any intermediate agents. Elec-
tro polymerization technique allows rapid synthesis and in-situ electro-
chemical characterization with precise control to the deposited layer
thickness, without any requirement of initiators or catalysts (del Valle
et al., 2013). A simple two-step fabrication strategy was adopted, i.e.
electro-polymerization of aniline monomers and carboxylated-MWCNT
onto ITO surface resulting in hybrid nano webs followed by AChE en-
zyme immobilization which was covalently bound to the PANi - fMW-
CNT/ITO surface for a selective detection of OPs. The developed sensor
was also tested with vegetable sample (cucumber) spiked with known
amount of OPs.

2. Experimental section
2.1. Materials and chemicals

Acetylcholinesterase from electrophorus electricus (electric eel),
acetyl thiocholine chloride (ATCI), chlorpyrifos (CPF), methyl parathion
(MP), aniline, and oxalic acid were purchased from Sigma Aldrich.
MWCNTs were purchased from Carbolex Inc. Ltd. US. Sodium chloride
(NaCl), monobasic (NaH,PO42H,0), dibasic (Na,HPO,), potassium ferri
hexa cyanide K3[Fe(CN)gl, potassium ferro hexa cyanide K4[Fe(CN)g],
sulphuric acid (HySO4), nitric acid (HNO3), and acetone were purchased
from Fisher Scientific. Ethanol was purchased from Merck. All experi-
ments were performed using Milli-Q Deionized (D.I) water having re-
sistance 18.2 MQ and analytical grade chemicals. ITO coated glass was
purchased from TECHINSTRO, India (working area- 1 cm X 1 cm, resis-
tivity of ~10 Q/cm).

2.2. Apparatus and measurements
The surface of as-fabricated electrode was captured by Field Ef-

fect-Scanning Electron Microscopy (FE-SEM) Tescan MIRA II Oxford
INCA PantaFETx3. Fourier Transform Infra-Red (FTIR) spectra were
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obtained by Frontier Perkin Elmer. Raman spectra were measured by
micro Raman (Lab RAM system) equipped with Ar* 514.5 nm laser.
Electrochemical analysis was performed by potentiostat/galvanostat
(Multiautolab (MA204), Autolab) using three-electrode setup: plat-
inum-counter electrode, Ag/AgCl (3 M KCl)-reference electrode and
as-fabricated AChE/PANi-fMWCNT/ITO-working electrode. Phosphate
Buffer Saline (PBS) (0.1 M), pH 7, containing 5 mM redox probe
(Ferri-Ferro couple, K[Fe(CN)¢]®~/4") was used as electrolyte. Experi-
ments were repeated three times to determine experimental error. LoD
was calculated using 3¢ rule [(3.3 X Standard Deviation /slope of the
calibration plot] (Nagabooshanam et al., 2019).

2.3. Functionalization of MWCNT

In order to get better dispersion, as purchased MWCNTs were func-
tionalized with carboxylic groups by acid reflux method. MWCNTs
(0.3 g) were mixed in a solution containing 3:1 v/v ratio of H;SO,4 and
HNOj3 and refluxed at 80 °C for 12 h. Further, the centrifuged pellet
was washed with D.I water and dried at 100 °C for 6 h in vacuum oven
(Bachhav & Patil, 2015).

2.4. Fabrication of AChE/PANi-fMWCNT/ITO and electrocatalytic sensing
performance

The stepwise fabrication of the working electrode is presented in Fig.
1. An aqueous solution containing 0.3 M oxalic acid, aniline (0.1 M)
and fMWCNT (8 wt%) (Bachhav & Patil, 2015) were prepared as
a pre-complex solution. PANi-fMWCT hybrid was electro-polymerized
onto ITO for 10 cycles in the potential window of —0.8 V to 1.4 V at the
scan rate of 50 mV/s. Pristine aniline was also electro-polymerized by
the same procedure for comparison. Further, AChE enzyme (10 pL) was
immobilized onto the PANi-fMWCNT/ITO electrode and the electrode
was washed with PBS (pH 7) in order to remove any unbounded en-
zyme. Finally, the developed AChE/PANi-fMWCNT/ITO electrode was
stored at 4 °C for further use.

The sensing mechanism of enzyme inhibition by pesticide (Fig.
1) can be explained as: AChE enzyme readily hydrolyzes acetylthio-
choline resulting in generation of thiocholine and acetic acid. Thio-
choline being electroactive produces a quantifiable change in current
signal. Pesticides act as an inhibitor of AChE and hampers the above
enzymatic reaction. The advantage of using a redox probe is to limit
the overall applied potential and as a consequence, minimize elec-
trochemical interference (Arduini, Amine, Moscone, & Palleschi,
2010). Inhibition of enzyme is calculated from Eq. (1); where Ip(be-
fore) and Ip(after) represents peak current before and after pesticide

TCV+ K-CO0H

H-TC]

T+ R-COiH

Pesticide
Imcubation

AChE/PANI-fMWONT

Fig. 1. Graphical representation of stepwise fabrication of working electrode (AChE/PANi-fMWCNT/ITO) and the reaction mechanism of enzyme inhibition by pesticides (R- Acetyl, TCI-

Thiocholine).
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incubation.

Ip(before) — Ip(after)

%Inhibition =
oInhibition Tp(before)

X 100 D

3. Results and discussion
3.1. Electrodeposition of PANi-fMWCNT nanocomposite on ITO

Cyclic voltammogram (Fig. S1) shows electrodeposition of
PANi-fMWCNT hybrid structures onto ITO surface. There is an increase
in current with successive CV cycles confirming electrodeposition. The
electropolymerization process occurred under three noticeable voltages,
i.e., from generation of free radical cations at 0.3 V (a), facilitating ox-
idation at 0.5V and 0.9 V (b and c¢) which correspond to head-to-tail
dimer formation and thereafter, a direct transition from emeraldine
phase to pernigraniline phase. The latter is reported to be more stable
phase. (Pattananuwat & Aht-Ong, 2011).

3.2. FE-SEM analysis

The surface of PANi and PANi-fMWCNT hybrid electropolymerized
onto ITO was probed by FE-SEM. Fig. 2A shows fMWCNT having
length and diameter of 10-30 um and 60-80 nm respectively. FE-SEM
micrograph in Fig. 2B indicates the uniform deposition of pristine
PANi granules in the size range 50 nm to 100 nm. In Fig. 2C, due
to the addition of fMWCNT into the polymerization mixture, a hy-
brid nano-webbed structure with 50 nm to 100 nm PANi granules re-
sulted in uniformly distributed network owing to n-n bonding at the
backbone of carboxylated MWCNT and PANi. The coating of PANI on
the outer surface of the CNT and the formation of the nano-webbed
PANi-fMWCNT  structures are evident from SEM image (Fig.

Food Chemistry xxx (XxxX) XXX-XXX

2C). Such an ordered hybrid of PANi-fMWCNT facilitates good electrical
conductivity (Bachhav & Patil, 2015).

3.3. Raman and FTIR analysis

Fig. 3A shows Raman spectra of (i) f/MWCNT, (ii) PANi, and (iii)
PANi - fMWCNT nanocomposite. The D band at 1349 cm™! and sharp
G band at 1579 cm™! corresponding to amorphous disoriented carbon
structure and C—C bond stretching of fMWCNT (Filho et al., 2003;
Mathur et al., 2012) can be observed. For PANi, characteristic peaks
at 1195 cm™! and 1450 cm™! correspond to C—H bending and C=N
stretching in benzenoid and quinoid structures (Lefrant, Baibarac, &
Baltog, 2009). The band at 1373 cm~! and 1601 cm™! arise due to C—
N** stretching and C—C stretch of benzenoid ring which were found
to be shifted to higher wavenumbers 1394 cm~! and 1616 cm™! for the
hybrid material. This shift may be due to interaction of C— N** group
of PANi and —COO functional group on the fMWCNT (Yan, Han, Yang,
& Tay, 2007). The amplification of Raman bands for PANi-fMWCNTs
at 1616 cm™! and 1394 cm™~! may be attributed to stress induced defects
between the PANi and fMWCNT (Salvatierra, Oliveira, & Zarbin,
2010).

FTIR spectra of (i) PANi, (ii) PANi-fMWCNT, (iii) AChE immobi-
lized PANi-fMWCNT are shown in Fig. 3B. For PANi, the N—H stretch-
ing vibrations, quinoid (Q) (C=C) and benzenoid (B) ring (C=C) ap-
pear at 3405 cm™%, 1440 cm~! and 1580 cm™! respectively. The band at
1108 em™! indicate aromatic C—H in-plane bending vibration respec-
tively (Yan Li, Peng, Li, & Chen, 2012). The band at 1243 cm™! is as-
signed to C—N stretching of radical cations. The peak at 730 cm™! is
attributed to out-of-plane C—H bending vibration confirming the pres-
ence of polymer formation (Kulkarni & Kale, 2013). For PANi-fMW-
CNT, no prominent peak is observed, but a decrease in the peak in-
tensity upon addition of fMWCNT

B (i) ACHEPANI-fMWCNT
=0H

-i-' C=0 ::
2 CEC{Q) C=C(B g
%‘ (i) PANI {ii} PANI-FMWCNT §
& -
2 ]
E 3
= 0
. (1) FANI &

X H-H

T . T I . i . i . . - C=C{B)
Boo 1000 1200 1400 1600 1800 2000 500 1000 1500 2000 2500 3000 3500 2 &S000

Raman shift (em)

Wavenumber {em™)

Fig. 3. A) Raman Spectra of the (i) fMWCNT, (ii) PANi and (iii) PANi-fMWCNT. B) FTIR Spectra of (i) PANi, (ii) PANi-fMWCNT and (iii) AChE/PANi-fMWCNT.
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shows interaction between PANi and fMWCNT (Yadav, Kumar, &
Pundir, 2011). The spectral bands at 1643 cm~! and 3297 cm™! are
attributed to vibrations due to carbonyl and amide stretching (Du et
al., 2007). These peaks signify the effective immobilization of AChE
onto PANi-fMWCNT/ITO surface. FTIR spectra is also in agreement with
the Raman analysis confirming the formation of PANi-fMWCNT hybrid
structure and the functional groups required for effective enzyme immo-
bilization which may lead to better sensing performance.

3.4. Electrochemical characterization of AChE/PANi-fMWCNT/ITO

The developed sensor was electrochemically characterized using CV
and EIS at each step of sensor fabrication. In Fig. 4A, PANi-fMWCNT
(i) modified ITO surface showed excellent enhancement in peak current
(Ipa: 0.2 mA and I,:: —0.2 mA) as compared to ITO electrode (ii) which
showed moderate oxidation and reduction peaks (I,,: 0.1 mA and Ip:: —
0.1 mA). Owing to the conductive nature of PANi-fMWCNT, there is a
significant enhancement of peak current due to the augmented charge
transfer rate in the presence of redox probe (Cesarino et al., 2011).
Furthermore, in case of AChE/PANi-fMWCNT/ITO electrode (iii), a clear
decrease in redox peak current value (I;: 0.025 mA and I,.: —0.025 mA)
was observed, due to non-conducting nature of AChE enzyme, indicating
the effective immobilization of AChE onto PANi-fMWCNT/ITO surface
(Cui et al., 2018). From the EIS analysis (Fig. 4B), charge transfer re-
sistance (R.y) changes at each step of sensor development. R value for
ITO electrode (28.49 kQ) is 1.5 times higher in comparison to that of
PANi-fMWCNT modified ITO electrode (R, = 18.71 kQ). This suggests
faster electron transfer process leading to better electrochemical perfor-
mance. After enzyme immobilization, the R value further increases to
33.59 kQ which is almost 1.8 times higher than PANi-fMWCNT. This
change in R value may correspond to the enzyme biomolecule layer
which impedes interfacial charge transfer process (Cui et al., 2018;
Song et al., 2017). Hence, electrochemical analysis shows a clear in-
dication of successive modifications thereby confirming successful fabri-
cation of the biosensor.

3.5. Effect of applied scan rate

From cyclic voltammogram of AChE/PANi-fMWCNT/ITO electrode
(Fig. S2A), the regression line equation for anodic peak is expressed
as y =0.012 x + 0.008, whereas for cathodic peak as
y = —0.013 x —0.01, with regression coefficient of 0.99. The anodic
and cathodic peak current linearly increases with increase in
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applied scan rate as observed in Fig. S2B. This suggests that the redox
process is diffusion mediated, as desired for better sensing performance.

3.6. Electro-catalytic and analytical sensing performance

Analytical sensing was carried out using a probe solution contain-
ing 100 pM ATCl within the potential window of —-0.8 V to +1.2V
at the scan rate of 100 mV/s. The notable rise of peak current in the
presence of ATCI is attributed to the electro-catalytic reaction between
the enzyme and ATCI (Fig. S3). The hydroxyl groups present within
the enzyme reacts with ATCI, converting it into thiocholine and in
the process generate electrons responsible for electro activity (Mogha,
Sahu, Sharma, Sharma, & Masram, 2016). From Fig. 5A and 5C,
it is observed that with increase in concentration of CPF and MP, the
current decreases. The active cationic sites present in AChE enzyme
binds to the phosphate groups present in CPF and MP, causing an irre-
versible binding reaction (Uniyal & Sharma, 2018). For both CPF and
MP sensing, the peak current decreases and % of inhibition increases
linearly, with increase in the pesticide concentration. The linearly fit-
ted regression equations derived for both CPF and MP are shown in
Fig. 5B and 5D. The intercept and slope values for CPF obtained are
41.88 = 2.8 and 0.41 * 0.03 respectively, with regression fitted line
equation y = 41.88 + 0.41 X Ccpp and r2 value of 0.97. For MP the
intercept and slope values were 21.05 = 5.66 and 0.58 *+ 0.06 respec-
tively with regression fitted line equation y = 21.05 + 0.58 x Cyp and
r? value of 0.94. As per 3o rule, LoD was calculated to be 8.8 ng/L
for CPF and 10.2 ng/L for MP. The sensitivity of the developed sen-
sor for CPF and MP were 0.41 mA/ng/ L/cm? and 0.58 mA/ng/L /cm?
respectively. The LoD achieved by the developed sensor is lower than
that of permissible Maximum Residue Levels (MRL) values of 0.05 ppm
and 0.20 ppm for CPF and MP as per European pesticides database (EU
Pesticides database - European Commission, n.d.). The response
time of the developed sensor is found to be 45 s. The AChE/PANi-fMW-
CNT sensor is compared with other reported AChE based sensors (Table
S1), the better LoD and sensitivity is achieved due to the synergis-
tic effect of PANi-fMWCNT hybrid complimented with enhanced elec-
trochemical properties, good electron transfer rate and enhanced sur-
face properties for enzyme immobilization. Thus, the improved sensing
performance of AChE/PANi-fMWCNT is attributed to PANi and fMW-
CNT amalgamation and readily available carboxyl functional groups.
The porous nano-webbed architecture enhances the surface area at-
tributing to faster electron transfer kinetics. The available car-
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Fig. 4. Electrochemical characterization at each step of modification of electrode (i) PANi-fMWCNT, (ii) ITO, (iii) AChE/PANi-fMWCNT/ITO by A) CV scanning at a rate of 100 mV/s in
the potential window of —0.8 V to + 1.2 V and B) Electrochemical Impedance Spectroscopy (EIS) in the frequency range 100 Hz to 100 KHz using 10 mV AC perturbation.
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boxyl functional groups facilitate AChE enzyme immobilization due to
which, the sensor exhibits a lower detection limit, wider linear range
and better sensitivity.

3.7. Interference and stability studies

Heavy metals (Cr, Cd, As, Pb) make their way into the food chain
through metal contaminated soil, wastewater irrigation, post-harvest
treatments and polluted environments and can be readily absorbed by
fruits and vegetables (Abdel-Rahman, Ahmed, & Marrez, 2018; El-
bagermi, Edwards, & Alajtal, 2012). The presence of heavy metals in
fruits and vegetables may interfere with the performance of the devel-
oped pesticide sensor and therefore, it is of utmost importance to con-
firm specificity of the developed sensor. As per the reports, the MRLs of
heavy metals such as Cr and Pb are 0.5 mg/kg and 0.2 mg/kg in various
fruit and vegetable sources (Elbagermi et al., 2012; Zhao, Li, Gao, &
Li, 2017). In order to investigate their interference with pesticide detec-
tion, heavy metal solutions were prepared with pesticide mixtures. The
developed sensor was tested for MP detection in the presence of heavy
metals at concentration of 10 ng/L (Fig. S4A). Hence, no significant in-
terference of heavy metal was detected.

The overall stability of the developed sensor was monitored at
five-day interval over a month (Fig. S4B), after which the sensor’s ac-
tivity was found to be decreased. The average peak current (I,) over
a period of 30 days was found to be 0.038 = 0.003(average peak cur-
rent = SD). About 17% decrease in the current response was observed
after 30 days suggesting the sensor’s stability/shelf-life for 30 days. The
decrease in sensor’s activity may be attributed to the enzyme degrada-
tion after prolonged storage, resulting in lower charge transfer kinetics.

The inhibition effect of another class of pesticides not containing
phosphate groups (Cartap Hydrochloride (CHCI), a chlorinated class of
pesticide) has also been tested by the presently developed sensor. CHCl
(at 100 ng/L concentration) demonstrated merely 8.5% inhibition effect
on the activity of AChE enzyme (Fig. S5). Therefore, other class of pes-
ticides may show some inhibition effect on AChE enzyme activity, how-
ever, a detailed study on various class of pesticides must be undertaken
to conclude the effect of inhibition on enzyme activity which is beyond
the scope of this work.

3.8. Pesticide determination in vegetable sample

The pertinence of the developed sensor in real samples was also ver-
ified. Cucumber juice was spiked with known concentrations (20 ng/
L and 120 ng/L) of CFP and MP. Current response was measured by
CV for CPF and MP spiked cucumber samples (Fig. S6). The stan-
dard calibration plots as shown in Fig. 5B and 5D were used to cal-
culate the concentration of spiked pesticides in cucumber sample. The
developed sensor shows a good recovery of spiked CPF and MP with
RSD less than 9% (Table 1), which affirms the ability of the sen-
sor for pesticide detection in real field samples. In order to

Table 1
Real sample analysis by spiking known amount of OPs in cucumber vegetable sample
(RSD-Relative Standard Deviation).

Sample OP Added (ng/L) Found (ng/L) % Recovery % RSD (n = 3)
CPF 120 118.4 98.6 8.3
CPF 20 19.5 97.5 6.2
MP 120 119.7 99.75 7.9
MP 20 18.7 93.5 3.6
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validate the present sensor performance, HPLC analysis was performed
and good correlation of r2 = 0.996 is found (Fig. S7 and Table S2).

4. Conclusion

A facile approach to fabricate nano-webbed structures of PANi-fMW-
CNTs onto ITO substrate is developed for the detection of OPs. Elec-
trochemical polymerization for PANi-fMWCNT nanocomposite synthesis
provides a rapid electrode development process along with better sur-
face properties. The developed sensor was tested with two analytes (CPF
and MP) in the linear concentration range of 10 ng/L to 120 ng/L. The
LoD was found to be 8.8 ng/L and 10.2 ng/L for CPF and MP with sen-
sitivity of 0.41 mA/ng/L/cm? and 0.58 mA/ng/L/cm? respectively. The
sensor was also tested with heavy metals for interference which was
found to be <10%. The spiked vegetable samples were also tested by
the sensor with good accuracy. The developed sensor has a shelf-life of
30 days. The sensor can further be utilized for on-field detection for OPs
detection in fruit and vegetable samples.
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