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Abstract

Hexavalent chromium is a toxic heavy metal getting discharged into the environment and water bodies through various
industrial processes. Conventional analysis methods call for expensive equipment and complicated sample pretreatment
that made unsuitable for onsite detection. Paper is used as an enzyme immobilization platform because of its property to
wick the liquid by capillary action; lightweight, cheap and can be easily patterned or cut according to the requirements for
developing biosensor. In this study, enzyme immobilization of glucose oxidase (GOXx) on filter paper were examined using
three polysaccharides such as chitosan, sodium alginate and dextran for entrapment efficiency, activity and stability of the
immobilized enzyme. Among the three, chitosan proved efficient for enzyme entrapment with about 90% efficiency at 0.3%
(w/v) chitosan. The stability was checked after 1 week at 4 °C and room temperature, where the chitosan entrapped enzyme
retained nearly 97% stability at 4 °C. Enzyme inhibition study of GOx and Cr(VI) was carried out using chronoamperometry
shown uncompetitive type of inhibition. A paper-based electrochemical biosensor strip was developed by immobilizing
GOx enzyme on filter paper using chitosan as an entrapping agent and associating it with a screen-printed carbon electrode
for amperometric measurements. The linear range of detection was obtained as 0.05-1 ppm with the limit of detection as
0.05 ppm for Cr(VI), which is the standard permissible limit in potable water. The relative standard deviation (5.6%) indicates
good reproducibility of the fabricated biosensor.

Keywords Paper biosensor - Screen-printed carbon electrode - Glucose Oxidase - Inhibition - Chronoamperometry -
Hexavalent Chromium

Introduction

Hexavalent chromium is the most hazardous heavy metal
discharged into the environment particularly from chromium
mines and other industrial processes (Wilbur et al. 2012). It
is extensively used in the steel industry for stainless steel
manufacturing and also used for metal finishing, alloying,
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leather tanning, and textile dyes (Biswas et al. 2017). It can
leach into groundwater and remain unchanged over a long
period. Cr(VI) has great potential to cross biological barri-
ers. It can enter the human body by oral route with a sig-
nificant transfer that may lead to stomach disturbance, liver
damage, kidney failure, and cancer (DesMarais and Coasta
2019). World Health Organisation (WHO) had categorized
Cr(VI) as a carcinogen and as per standards, the concentra-
tion of chromium in drinking water should have less than
0.05 mg/L (WHO 1998; Banchhor et al. 2017). Chromium
mines of Sukinda valley in Odisha state produce 98% of total
chromium in India (Biswas et al. 2017). As an outcome, the
water sample from the Damsala Nala of Sukinda mining
area in the Odisha state of India was found with 5 mg/L of
chromium and that of the soil sample collected from the
same site contains 47 mg/L of chromium, which is a quite
high amount (Nayak et al. 2020a). The ability to analyze the
Cr(VI) concentrations is an important issue considering the
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environmental safeguard. Conventional analysis methods for
Cr(VI) consist of spectrophotometry, flame atomic absorp-
tion spectrometry, and atomic fluorimeter spectrophotometry
(Bansod et al. 2017). The most common method used is the
spectrophotometric analysis by 1,5-diphenylcarbaide (DPC)
colorimetric assay (Lace et al. 2019). These methods require
complicated and expensive instruments as well as techni-
cal staff for operation, which will make them unsuitable for
onsite and rapid detection.

Among various biosensors, recent attention has turned
towards inhibition-based enzyme sensors to determine the
concentrations of inhibitors in the assayed sample by meas-
uring the inhibition degree of enzyme, sensor activity, and
the lower detection limits (Amine et al. 2016). Glucose
oxidase enzyme (GOx) (EC number 1.1.3.4) is an oxido-
reductase that catalyzes the oxidation of glucose to hydrogen
peroxide and p-glucono-d-lactone which further converted
to gluconic acid by spontaneous hydrolysis (Bankar et al.
2009). This enzyme is produced by certain species of fungi
and insects. The pH optimum for glucose oxidase from A.
niger is 5.5, while it has a broad activity range of pH 4-7.
The glucose oxidase binds specifically to f-p-glucopyranose
and does not act on a-p-glucose (Osorio-Gonzalez et al.
2019). It can oxidize all of the glucose in solution because
the equilibrium between o and § anomers is driven towards
the B side as it is consumed in the reaction. Owing to the
low cost, high specific activity, and good stability glucose
oxidase enzyme proved an ideal enzyme for inhibition-based
biosensor development (Wilson and Turner 1992; Osorio-
Gonzalez et al. 2019). Zeng et al. (2004) developed a glu-
cose oxidase inhibition-based biosensor for the detection of
trace Cr(VI). An electropolymerized aniline membrane has
been prepared on a platinum electrode containing ferrocene
as an electron transfer mediator, on which GOx is cross-
linked by glutaraldehyde. Chen et al. (2011) examined the
inhibitory effect of heavy metal ions on the bioactivity of
the enzyme glucose oxidase (GOx) in solution, electrode
surface adsorbed GOx and polymer entrapped GOx. The
author reported that Agt showed the strongest inhibition
effect among the HM ions examined, and the inhibitive
assays of Ag* based on GOx entrapped in poly-(L-noradren-
alin) (PNA) give limits of detection (LOD) of 2 nM. Inhibi-
tion effects of Hg?*, Cu**, and CO?* are detectable only at
15 pM or higher concentrations.

Calvo-Perez et al. (2014) developed tyrosinase and
GOx inhibition-based amperometric biosensor for selec-
tive detection of Cr(IIT) and Cr(VI). The bipotentiostat bio-
sensor was fabricated by immobilizing the enzyme on a
screen-printed carbon electrode using glutaraldehyde as a
crosslinking agent. A bienzyme amperometric biosensor for
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simultaneous detection of H,0O,, Cr(III), and Cr(VI) was devel-
oped by Liu et al. (2019). The enzymes were entrapment in
poly(noradrenaline) matrix which is catalyzed by HRP on the
platinum electrode surface. The chronoamperometric detec-
tion was based on GOx inhibition and shows 0.2 nM LOD for
Cr(VI) sensing. da Silva et al. (2020) demonstrated a sensitive
GOx inhibition-based biosensor for electrochemical determi-
nation of heavy metals like Hg?", Cd**, Pb**, and Cr®* with
a nanomolar limit of detection. The biosensor was fabricated
by immobilizing GOx on poly (brilliant green) film on a mul-
tiwalled carbon nanotube modified glassy carbon electrode.
Furthermore, Yang et al. (2019) used an electroactive bacteria
Shewanella oneidensis as a new approach for mediator free
heavy metals sensing in water with 2.48 ppm LOD for Cr(VI).
Also, Prabhakaran et al. (2020) developed a voltammetric
biosensor implanting a bacterial strain of Shyngopyxis mac-
rogoltabida isolated from the chromium mining area. These
bacteria possess enzymes that help them to reduce Cr(VI)
generating an electrochemical signal. The main limitation of
whole-cell bacteria-based biosensors is the need for nutrients
and optimum conditions for the viability of the strain. Owing
to the complicated, time-consuming, and expensive fabrica-
tion methods there is a need for the development of easy and
cost-effective biosensor fabrication methods. Using paper as
a platform for enzyme immobilization, the complexity and the
cost of the fabrication can be reduced to a certain.

Paper-based biosensors integrate the paper as a substrate
with a microfluidic advantage because of its property to wick
the liquid by capillary action; it is lightweight, cheap and can
be easily patterned or cut according to requirement (Liana
et al. 2012; Juang et al. 2017). Paper offers a stable thin film
of water that delivers the analyte to the surface of the elec-
trodes. Electrodes can be printed on paper using special inks
by screen printing which is a simple low-cost fabrication tech-
nique (Dungchai et al. 2011).

The present study includes three approaches, first finding
the potency and kinetics of inhibition for GOx and Cr(VI),
second proposing an effective method for enyme entrapment
on paper and third is the implementation of that method to
develop a paper-based electrochemical biosensor. Enzyme
immobilization study was carried out using three polymers
such as sodium alginate, chitosan, and dextran on filter paper.
The efficiency, as well as stability at a variable concentration
of polymer, was studied. Enzyme GOx was immobilized on
filter paper with chitosan entrapment cross-linked using glu-
taraldehyde. A paper-based biosensor strip was developed
electrochemical detection of Cr(VI) by implanting the GOx
immobilized paper onto the screen-printed carbon electrode
(SPCE) and characterized using cyclic voltammetry and
chronoamperometry.
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Materials and methods
Materials

Glucose oxidase (GOx) (EC 1.1.3.4) and horseradish per-
oxidase (HRP) (EC 1.11.1.7) were purchased from Himedia.
Sodium alginate and dextran were purchased from Sigma-
Aldrich. Screen-printed carbon electrodes (SPCE) were pro-
cured from Palmsens (Netherlands). Enzyme stocks (1 pg/
mL) were prepared in distilled water. Sodium acetate buffer
0.1 M, pH 4.6-5.6 was prepared using 0.1 M sodium acetate
and 0.1 M acetic acid stock. Phosphate buffer (PB) 0.1 M
was prepared by adding 1.2 ml of 1 M dibasic sodium phos-
phate and 8.8 ml of 1 M monobasic sodium phosphate mak-
ing the final volume to 100 ml. f-p-glucose solution 10%
(w/v) was prepared in distilled water. Hydrogen peroxide
0.3% (v/v) was prepared in distilled water. O-dianisidine
solution 1% (w/v) was prepared in methanol freshly. Chi-
tosan 1% (w/v) was prepared by dissolving chitosan in 0.5%
acetic acid pH adjusted to 5 and kept on stirring for 1 h
and further diluted to 0.5% using PB pH 6. Glutaraldehyde
solution 3% (v/v) was prepared in distilled water and What-
man#1 filter paper was cut into 1 X 1 cm pieces. Cr(VI) stock
solution of 1000 ppm concentration was prepared by dissolv-
ing 0.283 g of K,Cr,05 in 100 ml of distilled water.

Methods
GOx inhibition study by chronoamperometry

Inhibition kinetics of GOx was studied using chronoamper-
ometry. A portable minipotentiostat Emstat3® (Palmsens)
was used with the platinum working electrode, Ag/AgCl
reference electrode, and platinum wire counter electrode.
GOx at concentration 0.5 pg/mL was added to 10 mL of
f-p-glucose solution prepared in 0.6 M PB pH 7 and current
was measured at 0.7 V vs Ag/AgCl for 300 s (Fenton et al.
2008; Zeng et al. 2004). Equation (1) shows the calculation
of the degree of inhibition. /; is the current signal in uA
in the absence of Cr(VI) and I is the current response at a
particular concentration of Cr(VI).

Iy—1
Degree of inhibition (%) = < OI > % 100. (1)
0

Enzyme immobilization by polymer entrapment

The preparations in the range 0.1-0.5% (w/v) polymer gel
mixtures of chitosan, sodium alginate, and dextran were
compared for efficient enzyme immobilization. 25 pL of
8 pg/mL GOx concentration was added to the gel mixtures.

For chitosan gel mixture glutaraldehyde was used as a
crosslinking agent in the 1:1 chitosan-glutaraldehyde ratio.
The mixture was stirred and 10 pL. volume was spotted on
the Whatman#1 filter paper square and allowed to dry for
60 min. The paper squares with enzyme spotted were washed
six times (three times on both sides) with 100 pL of in wash
buffer (0.1 M PB+0.1% v/v Tween-20, pH 7) and allowed to
dry for 60 min. 10 pL of HRP + B-p-glucose + o-dianisidine
mix containing 20 pg/mL HRP, 0.1% o-dianisidine, and
0.1% p-p-glucose was added and the intensity of the colour
developed was measured using Image] software (Cao et al.
2015). The experiments were performed in triplicates and
the entrapment efficiency were calculated based on Eq. (2).

Entrapment efficiency %

_ pg of protein spotted on paper — ug of protein in wash buffer % 100

@

ug of protein spotted on paper

Preparation of GOx paper squares and electrochemical
characterization

GOx concentration of 1 mg/mL was prepared in 0.3% chi-
tosan and about 10 pL of enzyme gel mixture was added to
the 1 x 1 cm paper square and allowed to dry for 60 min. The
GOx paper square was kept upside down onto SPCE and
electrochemical characterization was done using cyclic vol-
tammetry. 100 uL of 5 mM p-p-glucose solution was added
on GOx-paper-SPCE and cyclic voltammetry was performed
at potential range from — 2.5 to + 1.5 V and scan rate of
0.1 V/s. The response to B-p-glucose and inhibition by Cr
(VD) was analyzed using chronoamperometry at 0.68 V for
100 s. A sample volume of 100 pL containing 5 mM p-b-
glucose and a known concentration of Cr(VI) was spotted
onto the GOx-paper-SPCE for chronoamperometric analysis.
The B-p-glucose concentration was kept constant and the
current response to the increasing Cr(VI) concentrations was
recorded. The experiments were done in triplicates.

Results and discussion
GOx inhibition study

For inhibition-based biosensor, the study of inhibition
kinetics is needed which helps in getting ideas about the
susceptibility of the enzyme for inhibition by the inhibi-
tor. In enzyme activity assay, GOx and HRP are used in a
coupled reaction where GOx oxidizes B-p-glucose to give
hydrogen peroxide which in turn oxidizes the chromogen in
presence of HRP to give a colour that can be detected spec-
trophotometric method. Use of spectrophotometric method
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for inhibition study cannot be reliable as two enzymes are
involved at the same time and we cannot figure out the actual
GOx inhibition kinetics because HRP may also get inhib-
ited by Cr(V]) to a certain extent. Another method is using
potassium iodide and starch to give purple color in the pres-
ence of hydrogen peroxide produce by catalytic oxidation
of B-p-glucose (Nery and Kubota 2016). Since Cr(VI) is an
oxidizing agent it reacts and helps in colour formation in the
absence of hydrogen peroxide owing to which this method
cannot be used for GOx inhibition study.
Chronoamperometry is an electrochemical method in
which p-p-glucose oxidation can be measured by measur-
ing the change in current with respect to time at a fixed
voltage on the addition of the enzyme. According to the
literature chronoamperometry for GOx is performed at 0.7 V
which is selected as a fixed voltage for GOx inhibition study

(Zeng et al. 2004; Fenton et al. 2009). A decrease in current
was recorded with increasing Cr(VI) concentration from
0.5—4 ppm at 1 mM and 5 mM p-p-glucose concentrations.
The plot of inverse of current versus Cr(VI) concentration
shows a parallel pattern suggesting uncompetitive inhibi-
tion (Fig. 1a). Furthermore, Dixon’s plot does not confirm
the type of inhibition especially in case of mixed inhibition
(Attar et al. 2014). To confirm the inhibition type Cornish-
Bowden plot is plotted as a ratio of substrate concentration
to current versus inhibitor concentration (Cornish-Bowden
1974). The Cornish-Bowden plot shows the intersection of
the lines above the inhibitor line confirms the uncompetitive
inhibition (Fig. la, b). The straight vertical line from the
intersection on the inhibitor line gives a value of binding
constant K; as 2.88 ppm (Fig. 1b) which on molar conversion
gives 55.4 uM. This K; value in a lower micromolar range is
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acceptable for considering Cr(VI) as a good inhibitor. The
binding constant K; reflects the binding affinity of the inhibi-
tor towards the enyme. Lesser the K; value more is the bind-
ing potency of the inhibitor henceforth from the obtained
results Cr (VI) proved as a potential inhibitor of GOx enyme.

Enzyme immobilization study

Polysaccharides like chitosan, dextran and alginate are natu-
ral biodegradable and biocompatible polymers that are usu-
ally used as a carrier matrices for enzyme immobilization
(Bezerra et al. 2015). Glucose oxidase (GOx) was immo-
bilized on Whatman#1 filter paper by simple polymeric
entrapment methods using chitosan, sodium alginate, and
dextran. For determining the immobilization efficiency, the
paper squares with immobilized enzyme were washed with
PB containing 0.1% Tween 20, pH 7. Tween 20 removed
nonspecific bindings which eventually leach out unbound
enzyme in wash buffer. The washed-out protein (GOx)
content was measured by Bradford protein assay (Bradford
1976). The obtained protein content was subtracted from ini-
tial protein content giving the actual enzyme immobilized on
paper (Eq. 2). A standard curve was prepared for Bradford
assay using GOx concentrations from 10-100 pg/mL in PB
pH 7 (Fig. 2a). In the case of chitosan immobilization with
glutaraldehyde crosslinking, the immobilization efficiency
is highest (near 100%) at 0.5% chitosan concentrations
(Fig. 2b) as the protein content was found very less in the
washed-out buffer. However, maximum colour intensity was
observed at 0.3% chitosan concentration with 90% enyme
immobiliation efficiency where the colour intensity is getting

lower above 0.3% chitosan concentration (Fig. 3a, b). The
possible reasons can be given as: (1) High glutaraldehyde
concentration can cause enzyme inactivation by binding to
its catalytic site. (2) Higher chitosan concentration may limit
the enzyme exposure to the substrate affecting the substrate
diffusivity.

Chitosan possesses free amino groups that bind to the
aldehyde group of glutaraldehyde (Lei et al. 2003). Glutar-
aldehyde has two —CHO groups that can form crosslinking
between chitosan molecules forming a mesh that entraps
enzyme in it on crosslinking (Krajewska 2004; Beppu et al.
2007). Also, glutaraldehyde can bind to the amino group
of lysine residues in protein crosslinking the protein to
chitosan strengthening the immobilization (Kildeeva et al.
2009). Lysine residues present most outside the catalytic
site which is beneficial for glutaraldehyde crosslinking how-
ever higher concentration of glutaraldehyde can react with
enzyme active site decreasing the enzyme-specific activity
(Lopez-Gallego et al. 2013). From Figs. 2b and 3b, sodium
alginate at 0.3%, and 0.4% concentrations show nearly the
same colour intensities but highest immobilization efficiency
at 0.5% concentration indicating the negative effect of higher
concentration on the enzyme. Dextran shows almost same
colour intensity at 0.3%, 0.4% concentrations and highest
at 0.5% immobilization efficiency (Figs. 2b, 3b). Figure 3c
shows colorimetric intensity comparisons of different poly-
meric entrapment methods with 0.3% polysaccharide con-
centration. Chitosan entrapment method was found as effi-
cient with respect to enzyme immobilization efficiency as
well as its activity.
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Fig.4 Effect of time and temperature on enyme activity of GOx
immobilied using chitosan, sodium alginate and dextran on paper

The stability of the chitosan entrapped enzyme was also
found better with 97% of the initial enyme activity after
1 week at 4 °C (Fig. 4). Also, the enyme was slightly reduced
at room temperature over a perod of a week sustaining 87%
of the intial enyme activity. Compared to this, in case of
other two polysaccharides more than 50% of the enyme
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activity was found to be decreased in a week even at 4 °C.
A cross-linked polysaccharide like chitosan isolates enzyme
from the surrounding and creates a microenvironment that
helps in maintaining the conformation by proteting the active
sites (Shuler and Kargi 2002). This may help in maintain-
ing enyme catalytic activity over a period of time. Libertino
et al. (2008) immobilized GOx in porous SiO, surface that
showed stable activity even after 3 months when stored in
phosphate buffer saline (PBS) at 4 °C. Enyme immobili-
zation on porous silicon (PS) is well established method
with numerous advantages like good stability over a wide
range of pH and temperature, improved activity over the free
form of enzyme, high recyclabilty, photoluminascent prop-
erty with less interference by various factors (Letant et al.
2004; Lasmi et al. 2018; Rodrigues et al. 2019; Moretta et al.
2021). PS constitutes silicon nanocrystals which offer high
surface area for enzyme immobilization (Song and Sailor
1999). Because of its semiconductor qualities as well as its
compatibility with modern integrated circuit industry, PS
proves a good support for enzyme immobilization (Moretta
et al. 2021). Changes in the quantum confinement occur due
to the formation of porous layer on silicon surface which is
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a remarkable property for use in enzyme-based biosensing
applications (Dhanekar and Jain 2013). The pore size can be
tuned easily using different established etching methods such
as strain, plasma dry and electrochemical etching (Fopase
et al. 2020). However, these methods are complicated, time
consuming and requires acid neutralization in case of elec-
trochemical etching in the presence of hydrofluoric acid
(Fopase et al. 2019). Also, enzyme immobilization on PS
support necessarily requires linker molecules like (3-amino-
propyDtriethoxysilane (APTES) and glutaraldehyde (Gunda
et al. 2014; Fopase et al. 2019). Althogh PS offers many
advantages over the chitosan entrapment, the immobilization
method opted here is quite simple, quick, requires no linkers
and cost effective compared to the PS fabrication and its use.

Development of paper-based biosensor strip

The electrochemical detector used here is a SPCE, which
is a miniature version of the conventional three electrode
system. It is associated with a GOx entrapped Whatman
filter paper by a simply placing in inverted manner onto
the electrodes. Similar kind of work was done by Noip-
hung et al. (2013), where the author demonstrated that
the paper-based microfluidic glucose biosensor by plac-
ing SPCE beneath the GOx immobilized filter paper. Such
carbon electrodes can be directly printed on the filter paper
along with hydrophobic and hydrophilic patterns (Yang

etal. 2017). Screen printing, inkjet printing, wax printing,
photolithography, Polydimethylsiloxane (PDMS) printing
are some established methods commonly used for elec-
trode printing and pattern development (Zang et al. 2006;
Liu et al. 2016; Cinti et al. 2017; Amatatongchai et al.
2019). Hughes et al. (2018) demonstrated screen printing
of glucose sensitive electrode using GOx mixed carbon
ink. Dungchai et al. (2009) used photolithography for
printing electrodes and creating hydrophilic pattern on the
paper with immobilized enzymes. The hydrophobic and
hydrophilic patterns developed on the hydrophilic surface
like paper serve as channels to control and navigate the
fluid flow to the reaction zone or electrode surface.

In the current study, the developed biosensing system
uses a GOx immobilized paper with the area of 1 cm? sim-
ply covers all the three screen-printed electrodes (work-
ing, reference and counter). A drop of water sample is
sufficient to carry out the electrochemical analysis as the
paper has a property to hold the water. The functional-
ity of the electrode system was analysed using cyclic vol-
tammetry analysis which shows oxidation and reduction
occuring at the electode surface (Fig. 5a). This simple one
step fabrication method eliminates the need of channeling
and hydrophilic patterning. However electrodes printing
on paper will significantly decrease the fabrication cost as
paper is a very cheap support material and also it is suit-
able for use and through application.

Fig.5 a Cyclic voltametric
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Electrochemical characterization

Enzyme immobilized paper square was placed on the sens-
ing area of the screen-printed electrode and the working of
the electrode was characterized by cyclic voltammetry by
spotting 100 pL. of 5 mM f-p-glucose solution in phosphate
buffer pH 7. From Fig. 5a, the oxidation and reduction peak
was obtained at 0.68 V and — 1.2 V, respectively. During the
GOx-mediated B-p-glucose oxidation reaction in the pres-
ence of oxygen, the oxidation peak was formed as shown in
Egs. (3) and (4).

p-D-glucose + Ozﬂ» Gluconolactone + Hzozﬂ Gluconic,
3)
Electrode
H,0, — 2H"+ O, + 2e.

The chronoamperometry was performed at — 1.2 V and
0.68 V to analyze the current response to Cr(VI) in the
absence of 3-p-glucose. Although the oxidation curve is not
sharp, at 0.68 V the current response to 1 ppm Cr (VI) is
almost equal to that of phosphate buffer (PB) which shows
no current change on Cr(VI) addition (Fig. 5a, b). Conversely
at -1.2 V on the addition of Cr(VI), the current rises above
the current response of PB which can interfere with the cur-
rent response of f-p-glucose oxidation by GOx (Fig. 5b).
The biosensor response should be selective to f-p-glucose
oxidation as inhibition of GOx by Cr(VI) lowers the current
response due to a reduction in the moles of f-p-glucose oxi-
dized. Thus chronoamperometry was performed at positive
voltage 0.68 V for the generation of calibration curve shown
in Fig. 5c. For glucose biosensing, H,0, detection occurs
at around 4 0.6 V for the conventional electrode versus Ag/
AgCl reference electrode (Karyakin et al. 1995). Sekar et al.
(2014) used Prussian Blue as a mediator lowering the oper-
ating potential to — 0.3 V for GOx paper disc-based SPCE
glucose biosensor. This biosensor was developed to detect
glucose in blood samples, with increased selectivity towards
H,0, as at higher positive operating potential the oxidizing

require necessarily for the analysis in water samples. In the
present work, the biosensor showed a considerable sensitiv-
ity of 143.83 pA/mM at+0.68 V without the use of any
mediator. Zeng et al. (2004) reported anodic peak and high-
est sensitivity at around+0.7 V for GOx immobilized plati-
num electrode. Ayenimo and Adeloju (2016) also reported
the operating potential of +0.7 V for GOx entrapped in
polypyrrol modified platinum electrode at pH 7.

Calibration curve for biosensor

The chronoamperometric study was done for analyzing
the current change with respect to time at variable analyte
concentrations. The chronoamperometry was performed
using phosphate buffer pH 7 since most of the GOx-based
biosensor development studies have been done at neutral
pH pH (Ghica et al. 2013; Ayenimo and Adeloju 2016;
da Silva et al. 2020). Also, the pH of most of the conven-
tional water resources is in the neutral range. Calculation
of relative standard deviation (RSD) is important to find
out the percentage of deviation relative to other replicates.
The RSD calculated from three replicates is 5.6% at a fixed
B-p-glucose concentration of 5 mM with a standard devia-
tion of 0.02-0.06 which indicates a good reproducibility.
Calvo-Perez et al. (2014) also obtained RSD value of 5.5%
from five replicates of GOx-based SPCE. Variations among
the replicates occur as manual dissension of enzyme might
give handling error. I5, value was calculated as 0.5 ppm
from the equation obtained by plotting the degree of inhi-
bition calculated as per Eq. (1) versus Cr(VI) concentra-
tion (Fig. 6a). The Iy, value of indicates the functionality
of the inhibitor more specifically than its binding affinity to
the enyme. It shows 50% of enyme inhibition occurs at this
Cr(VI) concentration. A regression line for current change
with respect to Cr(VI) concentration is illustrated in Fig. 6b
with the following Eq. (5), which shows the current change
(Al is directly proportional to the Cr(VI) concentration (C).

- . . . Al =0.3573C + 0.1066 5
compounds like ascorbic acid present in the blood cause )
interference. Lowering of the operating potential does not
Fig.6 Regression line for a a b
degree of inhibition and b 90 0.5
current change with respect to R 80 3 04 §/f
Cr(VI) concentration i 70 ¢ ’
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£ 2 03t
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The limit of detection as well as the limit of quantita-
tion was achieved as 0.05 ppm (Fig. 6b). The linear range
obtained is 0.05—1 ppm with a regression factor of 0.988.
Zeng et al. (2004) demonstrated the development of ampero-
metric biosensor with GOx deposited in electropolymerized
polyaniline membrane on the platinum electrode for deter-
mination of trace Cr (VI) in water. The LOD obtained as
0.49 pg/L which is significantly low quantity. Although it
provides low LOD the limitation of such type of biosensors
is a reuse of the enzyme, which can lose its catalytic activity
over time due to repetitive use. Also, the biosensor works at
acidic pH 2 which may prove limitation for onsite detection
as at neutral pH it limits the flow of electrons to the sensing
electrode. Liu et al. (2019) presented the fabrication of GOx
and HRP mix-based amperometric biosensor for simultane-
ous detection of Cr(VI) and Cd(II). The authors reported
LOD of 0.2 nM in the linear range of 0.5-6 nM for Cr(VI).
The lower LOD and higher sensitivity might be due to the
use of HRP which acts as a mediator for electron transfer
to the platinum electrode. According to Attar et al. (2014),
HRP is also getting inhibited by Cr(VI) with a K; value of
0.78 uM. Considering this, the work presented by Liu et al.
(2019) does not explain the effect of HRP inhibition factor
as GOx and HRP are present in a mixed form which makes
it complicated, thus questioning the reliability of the biosen-
sor. In the present work, a mediator free SPCE-based dispos-
able biosensor strip was developed using a single enzyme
GOx. This can minimize the fabrication cost as well as the
error caused due to inactivation of the immobilized enzyme
in repetitive use. Also, the platinum electrode is quite costly
as compared to the screen-printed electrodes; the screen-
printed electrodes can be fabricated by printing electrodes
on paper using carbon conductive ink that can reduce the
cost, as the paper is a cheap and easily available material
(Liana et al. 2012).

Interference by other heavy metals
Aqueous medium contains a wide number of heavy metal

ions other than Cr(VI) which can interfere with the biosensor
functionality. Possible heavy metal ions like Cr(III), Cu(l),

Ni(II), Pb(Il) show interference whereas Cd(II) and Hg(IT)
show higher interference at lower concentrations (Table 1).
The degree of inhibition was calculated at 0.5 ppm con-
centration of the above heavy metals and compared to the
Cr(VI) concentration giving the same degree of inhibition.
Higher inhibition was recorded due to the presence of some
common metal ions in the order Pb(II) < Cd(II) < Hg(ID).
Heavy metals like Cr(VI), Pb(Il), Cd(II), and Hg(II) are
called biotoxic metal ions and are collectively detected by
GOx inhibition-based electrochemical biosensor (da Silva
et al. 2020). Comparing to the literature demonstrating
GOx-based biosensor Hg(IT) and Ag(I) shows inhibition at
lower concentrations (Zeng et al. 2004). Furthermore, as
demonstrated by Ghica et al. (2013), Cd(II), Co(II), and
Ni(II) show inhibition to GOx-based biosensor at I;, value
of 2.4, 2.1, and 3.3 pM, respectively. Nayak et al. (2020b)
also reported the influence of other heavy metals by HRP
for the Cr(VI) detection in water samples. da Silva et al.
(2020) also reported the influence of heavy metals like
Ag(D), K1), Na(I), Ni(II), Zn(II), Cu(Il), CO{I) and Fe(III)
on GOx-based amperometric biosensor as low as 10% at
high concentration.

Conclusion

Paper platforms-based biosensor is an emerging approach
of biosensor development that helps in easy, rapid, and
reliable onsite detection by utilizing paper as a cheap and
inert material for the efficient immobilization of biorecog-
nition agents. This study demonstrated the simple polymer
entrapment method using 0.3% (w/v) chitosan as an efficient
method (about 90%) for glucose oxidase (GOx) immobiliza-
tion on paper, which aids in enzyme stability for 1 week at
4 °C and room temperature, prevents enzyme leaching by
retaining 97% stability at 4 °C. Cr(VI) shows uncompetitive
mode of inhibition with Ki value of 2.88 ppm (55.4 uM)
which states that the enzyme can be implemented for the
construction of inhibition-based biosensors. The developed
biosensor exhibited the linear range detection in 0.05-1 ppm
with the limit of detection of 0.05 ppm for Cr(VI), which is

Table 1 Effect of heavy metal

. Heavy metal ion
ions other than Cr(VI) on

Concentration (ppm) Degree of inhibition

Cr(VI) concentration giving

biosensor functionality %) ?;]r)n;)degree ofinhibition
Cr(IIT) 0.5 29.41 0.13
Cu(II) 0.5 30.38 0.15
Ni(II) 0.5 32.35 0.18
Pb(II) 0.5 34.92 0.23
Cd(IT) 0.5 49.47 0.49
Hg(II) 0.5 74.39 0.92
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the standard permissible limit in potable water. Heavy metal
ions like Hg(IT), Cd(II), and Pb(II) can be proved as potential
interference to the biosensor functioning, which could be
overcomed by chelating reactions. Relative standard devia-
tion (5.6%) indicates good reproducibility of the fabricated
biosensor with maximum 0.06 of standard deviation. Fur-
thermore, validation of the technique using real-time sam-
ples is required to be performed for analyzing variation in
comparison with the conventional method.
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