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ARTICLE INFO ABSTRACT

A highly sensitive glucose oxidase (GOx) electrochemical biosensor for the determination of the biotoxic trace
metal ions Hg?*, Cd?*, Pb?* and Cr'! by enzyme inhibition has been developed. GOx was immobilized on a
novel sensing platform consisting of poly(brilliant green) films formed by potential cycling electropolymerization
in sulfuric acid doped ethaline deep eutectic solvent on multiwalled carbon nanotube modified glassy carbon
electrodes. Polymer films produced in this medium presented more uniform morphology and better electrochem-
ical sensing properties than those prepared in aqueous solution. The inhibitor concentration necessary to give
50% inhibition, Isy, was used for the determination of the type of reversible inhibition, and the relationship be-
tween Igo and the inhibition constant K; is discussed. The new biosensor was successfully used for the determi-
nation of biotoxic trace metal ions with a nanomolar limit of detection, lower than in the literature, very good
repeatability, stability and selectivity, and was applied successfully to detection of the toxic trace metal species
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in milk samples.

1. Introduction

The toxicological or nutritional implications of metallic species are
directly related with the group of metals in the periodic table to which
they belong and/or the amounts absorbed by living organisms, which
can lead to chronic poisoning [1,2]. Excessive bioaccumulation of toxic
metal ion traces including Hg?", Cd?*, Pb%*, and Cr",, have been re-
ported as being responsible for a variety of health problems such as
mammalian cancer, damage to the nervous system, brain function, and
of other organs such as the heart, kidney, and lungs, leading to respira-
tory disease or even death [3-6]. Thus, the procurement of a fast, accu-
rate and reliable analytical approach for monitoring toxic trace metals
in the environment for humans and other organisms has received con-
siderable attention.

Enzyme-based electrochemical biosensors have emerged as an effi-
cient alternative to traditional analytical methods for the analysis of
trace metal ions, that have drawbacks such as being time-consuming,
high-cost, requiring complex instrumentation and highly specialized
staff, and lack of suitability for on-field analysis [7-11]. Advantages
of electrochemical detection include simple sensor preparation, fast re-
sponse, excellent sensitivity, and selectivity. Enzyme-inhibition biosen-
sors, to date, offer one of the best choices for the simple and rapid de-
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tection of toxic compounds such as pesticides and heavy metal ions due
to their selective inhibition of enzyme activity [12]. Furthermore, the
achievable limit of detection is often much lower, nanomolar, than that
obtained by purely electrochemical methods and it can quantify concen-
tration values less than the specified maximum allowed values in clin-
ical and environmental samples [13]. However, the choice of suitable
platforms for enzyme immobilization is mandatory since this may influ-
ence biocompatibility, catalytic properties, stability and sensitivity, as
well as retention of enzyme activity. Therefore, to fabricate a biosensor
with high performance, efforts need to be made in the development of
new and advanced electrode materials.

Deep eutectic solvents (DES) are formed by a binary mixture com-
posed of a hydrogen bond donor (HBD) and acceptor (HBA) mixed in a
specific molar ratio. DES exhibit similar properties to ionic liquids that
include high conductivity, stability, non-toxicity, and a wider potential
range than aqueous solutions, permitting the preparation of materials
with controlled structure for sensor applications [14]. However, the de-
velopment of conducting and redox polymer-modified electrodes using
DES as electrolyte has been little explored so far. The few articles that
report their use in polymer electrodeposition highlight the formation
of polymer films with better performance in terms of film conductivity
than their analogues synthesized in aqueous solution [15-19].
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This work describes, for the first time, the development of a biosen-
sor based on GOx immobilized on novel ultra-thin poly(brilliant green)
(PBG) films electrodeposited in ethaline DES on multiwalled carbon nan-
otube (MWCNT) modified glassy carbon electrodes (GCE) for inhibitive
amperometric detection of Hg?*, Cd?*, Pb2*, and CrV. The influence
of different doping agents (SO42~, NO3~, Cl~, and COO™) and of scan
rate on the electrodeposition of PBG was probed. The performance of
the nanocomposite modified GCE was evaluated by cyclic voltamme-
try (CV). Scanning electron microscopy (SEM) was used to examine the
morphology of the nanostructures and its influence on electrochemical
properties. Comparison with PBG films electrodeposited in aqueous so-
lution was also made. In the fabrication of the biosensor, other factors
were also considered, such as the influence of the electrode modifiers on
the degree of GOx inhibition, operational stability, sensitivity, and re-
producibility. The elucidation of the mechanism of reversible inhibition
for each ion was done by a novel method [20].

2. Experimental
2.1. Reagents and solutions

Glucose oxidase type X-S (from Aspergillus Niger, activity 15,100
Ug‘l, CAS number: 9001-37-0), bovine serum albumin (BSA), glu-
taraldehyde (GA, 2.5% v/v in water), sulfuric acid (97%), nitric acid
(65%), hydrochloric acid (37%), acetic acid (94.74%), choline chloride,
and anhydrous ethylene glycol were purchased from Sigma-Aldrich,
Germany. Brilliant green dye (95%) was purchased from Fluka, Switzer-
land. MWCNT with ~95% purity, diameter 30 + 10nm, and 1-5pm
length were from Nanolab, U.S.A. For the study of inhibition, standard
1000mg L~ solutions (Tec-Lab, Brazil) of Hg?* (traceable to SRM 3133
NIST, USA), Pb2* (traceable to SRM 3128 NIST, USA), Cd?* (trace-
able to SRM 3108 NIST, USA), and Cr"! (potassium dichromate from
Sigma-Aldrich, Germany) were used. The Mcllvaine buffer solution pH
4.0, was prepared by mixing 0.1 M citric acid (Sigma-Aldrich) and 0.2M
Nap,HPO, (Riedel-de-Haen). The phosphate buffer (PB) supporting elec-
trolyte solution was prepared by mixing NaH;PO4 (Riedel-de-Haen) and
NayHPO42H,0 (Fluka) and adjusting the pH with 0.1 mM hydrochloric
acid or 0.1 mM sodium hydroxide (Sigma-Aldrich).

All reagents were of analytical grade and were used without further
purification. Millipore Milli-Q nanopure water (resistivity >18MQ cm)
was used for the preparation of all solutions. Experiments were per-
formed at room temperature (25 + 1°C).

2.2. Instrumentation

Voltammetric and amperometric experiments were carried out with
a computer-controlled Ivium Compactstat potentiostat (Ivium Technolo-
gies BV Eindhoven, Netherlands). For all electrochemical experiments,
a conventional three-electrode system consisting of a 0.00785 cm? geo-
metric area glassy carbon electrode (GCE) as working electrode, a plat-
inum wire counter electrode, and an Ag/AgCl (3M KCl) reference elec-
trode were used.

Surface morphological images of the nanostructured materials elec-
trodeposited on carbon film electrodes were obtained using scanning
electron microscopy (SEM) with a JEOL, JSM-5310, Japan. The pH mea-
surements were made with a CRISON 2001 micro pH-meter (Crison In-
struments SA, Barcelona, Spain).

2.3. Functionalization and preparation of carbon nanotubes (MWCNT) in
chitosan solution

Prior to use, MWCNT were functionalized in nitric acid as described
previously [21], by dispersion and stirring in 5M nitric acid for 24h.
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This treatment was performed in order to ensure complete removal of
impurities obtained during their production, as well as of amorphous
carbon. Nitric acid also causes some significant defects in carbon nan-
otube structures and insertion of some negative -COO" groups, improv-
ing their conductivity [22,23]. The functionalized MWCNT were then
filtered and washed with Milli-Q water until neutral and dried in an
oven at 80 °C overnight. In order to modify the GCE with the functional-
ized MWCNT, dispersions of 1.0% w/v MWCNT was prepared in 0.2%,
0.5%, and 1.0% w/v chitosan dissolved in 1.0% v/v acetic acid and was
sonicated for 2h to ensure complete homogeneity of the mixture. Prior
to modification, the bare GCE was mechanically polished with diamond
spray on a polishing cloth (Kemet, UK) down to 1 pm particle size, lead-
ing to a mirror-like surface. The polished electrode was rinsed and son-
icated to remove any adherent solid particles. After the cleaning proce-
dure, 1 pL of the one of the three different MWCNT-chitosan dispersion
solutions was drop cast two times on the GCE surface and left to dry
at room temperature for ~ 60 min for each drop. Before polymerization
procedures, the stability of the MWCNT-chitosan films was assessed by
the immersion of the modified electrodes in aqueous solution containing
0.5MH3S0O4. MWCNT-chitosan films prepared by using the dispersions
containing 0.2% and 0.5% chitosan loading, detached immediately from
the electrode surface after immersion in strongly acidic solution. On the
other hand, the MWCNT-chitosan films prepared from dispersions con-
taining 1.0% chitosan loading, produced stable films even when left im-
mersed for 24 h in strongly acidic solution. Thus, this concentration was
chosen for further experiments.

2.4. Preparation of poly (brilliant green) modified electrodes

In order to study the effect of the DES acid doping agent on the for-
mation rate and the electrochemical behaviour of poly(brilliant green)
on carbon nanotubes, several acid doping solutions were tested with an-
ions: sulfate (SO427), nitrate (NO3™), chlorate (Cl"), carboxyl (COO™).

PBG films were first formed by electropolymerization on MWCNT/
GCE in an aqueous solution containing 1 mM BG + 0.5 M of differ-
ent acids as doping agent, by potential cycling between —1.0 and 1.2 V
vs. Ag/AgCl during 10 cycles at a scan rate of 50 mV s~1. The electro-
chemical characteristics of each type of PBG film in the PBG/MWCNT/
GCE configuration were investigated by cyclic voltammetry, and the
best doping agent (sulfuric acid, see below) was chosen for electropoly-
merization in DES.

Ethaline DES, consisting of a 1:2M ratio of choline chloride:ethyl-
ene glycol was prepared by prior heating of solid choline chloride to
~80°C to evaporate any water, followed by addition of ethylene glycol
under stirring and heating up to 100 °C until a homogeneous and colour-
less solution was obtained, which was cooled down to room temperature
[24]. Since the monomer is not very soluble in strong acidic media, BG
was first dissolved with a concentration just above 1.0mM in a mixture
containing 10% v/v of water: 90% v/v ethaline, which was thoroughly
stirred and sonicated in an ultrasound bath in order to completely dis-
solve the monomer. This was followed by the addition of a tiny volume
of the concentrated sulfuric acid doping agent, to finally obtain 1.0 mM
BG monomer and 0.5M of sulfuric acid, in the final mixture.

PBGpgs films on MWCNT/GCE were formed by using the same poten-
tial cycling parameters as in aqueous solution; the influence of the scan
rate on the formation of the films was also investigated. For comparison
purposes, PBG,q on top of MWCNT was also prepared in an aqueous so-
lution containing 1 mM BG in Mcllvaine buffer, pH 4.0 during 10 cycles
at a scan rate of 150mVs™!, as in Ref. [25]. The polymer films obtained
were designated as PBGehaline50-200 and PBG,, respectively.



W. da Silva et al.

2.5. Biosensor preparation

After optimization of the modified electrode architecture, GOx was
immobilized on its surface by cross-linking, using a mixture of GOx with
glutaraldehyde, as cross-linking agent, and BSA carrier protein. The en-
zyme solution was prepared by dissolving different amounts in the range
5.0-25mgmL~! of GOx in 0.1 M PB solution, pH 7.0. For all enzyme so-
lutions, the same amount of BSA, 30mgmL~", was added. For enzyme
drop-coating, 1 pL of the enzyme solution containing BSA was dropped
on a modified electrode surface followed by 1 pL of GA (2.5%). The elec-
trode assembly was left to dry for 1hat room temperature, after which
the biosensor was immersed in buffer solution (pH 7.0) for at least 2h
before use in order to hydrate the formed membrane and facilitate the
diffusion of ionic species. When not in use, the biosensor was kept in
buffer solution at 4 °C to preserve enzyme activity.

3. Results and discussion

3.1. Polymerization in aqueous media - the influence of acid dopant on
polymer growth

The polymerization of brilliant green was first carried out on MW-
CNT/GCE, by cycling the potential between —1.0 and 1.2V vs. Ag/AgCl
in 0.5M aqueous solution of the acids H,SO4, HCl, HNO3 and CH3COOH
at 50mVs~! (Supplementary Material Fig. S1). The supporting elec-
trolyte plays an important role in the growth of conducting polymers. In
the case of PBG, this has a big influence, since protonic acid doping of
the polymer leads to a different mechanism of nucleation. This affects
both the yield and the electrochemical behaviour of the formed films, as
seen in the different voltammetric profiles (Supplementary Material
Fig. S2).

The mechanism of polymerization of BG begins with oxidation of the
secondary amino groups which form cation radicals and attack benzene
rings in a free ortho-position relative to the amino group, initiating the
polymerization. In different acid solutions, Fig. S1, similar behaviour
was observed for all electropolymerizations, having one redox pair with
midpoint potential value at ~0.5V, with currents increasing in all cases,
except for nitric acid solution, in which the peaks decrease with each
cycle. In HySO4, an oxidation peak at 0.8V was also observed, which is
attributed to monomer oxidation [21].

After electropolymerization for 10 cycles, the anodic peak currents
at ~0.5V were found to be 10.8, 4.94, 3.98, and 0.5pA cm~2, for PBG
formed in solutions of the acids HySO4, HCl, HCOOH and HNOj, respec-
tively. In the case of HNO3, the polymer film was not stable as evidenced
by the fact that the anodic peak current decreased with the number of
cycles. Cyclic voltammograms recorded in 0.1 MPB pH 7.0 after poly-
merization, Fig. 1, also showed that the current peak corresponding to
the polymer,~ 0.5V, was the highest for the film deposited in H;SO4.
Taking into account the better-defined polymer peaks during polymer-
ization, the presence of monomer oxidation peak, as well as higher poly-
mer peak currents after polymerization, the conclusion was that H,SO4
would be the best choice of acid dopant for electropolymerization in
DES.

3.2. Polymerization in ethaline - influence of scan rate

For BG electropolymerization in DES, a solution of 1.0mM BG with
0.5MH,SO4 in a 10% v/v of water: 90% v/v ethaline mixture was pre-
pared, see experimental section for details. The PBG film was grown on
MWCNT/GCE at scan rates in the range from 50 to 200mVs~!, during
10 cycles, sweeping the potential between —1.0 and 1.2V vs. Ag/AgCl.
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As seen in Fig. 1A-D, the amount of polymer formed increased with in-
creasing scan rate, up to 150mVs~1; the decrease above this can be as-
cribed to diffusion limitations [26].

Cyclic voltammograms recorded in ethaline-H,SO,4 (pH 2.0), Fig.
1A-D, for all sweep rates are quite similar, and the redox peaks are
shifted towards more positive potentials compared with those of PBGyq
electrodeposited in Mcllvaine buffer (pH 4.0) aqueous solution, Fig. 1E.
This shift is directly related to the pH, with protons being inserted from
the solution into the polymer during the oxidation processes, and ex-
pelled during reduction. The oxidation peak currents recorded during
the first five cycles increase continuously and indicate the formation of
cation radicals. However, from the 5th to 10th cycles this increase slows
down, due to the polymer deposited during the first cycles impeding fur-
ther oxidation of the monomer on the electrode surface, so that hardly
any radical cations and/or polymer are formed at this stage. Therefore,
10 cycles were selected for further electropolymerization studies. The
same tendency is observed in the cyclic voltammograms for the poly-
merization of BG in aqueous solution, Mcllvaine buffer (pH 4.0), at
150mVs~, Fig. 1E.

3.3. Characterization of the nanostructured films

3.3.1. Cyclic voltammetry

To evaluate the electrochemical behaviour of PBG films electrode-
posited on MWCNT/GCE, cyclic voltammograms of the modified elec-
trodes were recorded in 0.1 MPB solution (pH 7.0) at a potential scan
rate of 50mVs~!. Fig. 2 shows CVs of MWCNT/GCE modified with
PBGpgs electrodeposited at different scan rates, and PBG,q electrode-
posited at 150mVs~!. As observed, the anodic and cathodic peak cur-
rents corresponding to the response of the PBGpgg films increase with
the electropolymerization scan rate, up to 150mVs~!. The decrease for
PBGpgs films electrodeposited at 200mVs~! may be attributed to the
viscosity of the DES that makes diffusion of ionic species at higher
sweep rate more difficult, as seen in Ref. [19]. PBG formed in aqueous
medium, Mcllvaine buffer (pH 4.0), exhibits lower peak currents than
PBGpgg films. The PBGpgg film electrodeposited at 150mVs™! presented
the highest currents and was therefore chosen as the best electrode plat-
form for glucose oxidase immobilization.

3.3.2. Scanning electron microscopy

Fig. 3 displays SEM images of PBG films formed by electropolymer-
ization on MWCNT modified carbon film electrodes in aqueous Mcll-
vaine buffer solution (pH 4.0), and in ethaline DES at scan rates 50,
100,150 and 200mVs~!. For comparison, an image of MWCNT on
the carbon electrode support without electrodeposited polymer is also
shown.

The SEM image in Fig. 3A shows a randomly entangled and
cross-linked network of MWCNT spread over the electrode surface. The
PBG formed by electropolymerization in aqueous Mcllvaine buffer so-
lution (pH 4.0), exists as a relatively thin film on the MWCNT surface,
see Fig. 4B, which leads to only a slight increase in the diameter of the
MWCNT.

The morphology of PBGpgg films, that is those formed in ethaline,
was examined as a function of the electropolymerization scan rate, Fig.
3C-F. The thickness of the polymer films is greater than that in aque-
ous Mcllvaine buffer (pH 4.0). The PBGpgg films from electropolymer-
ization at 50mVs~1, Fig. 3C, exhibit a visibly rough and porous sur-
face structure; at higher scan rates, there is formation of more compact
and thicker nanostructures. For the PBGpgg film made at 100mVs~!, a
mix of compact and smooth areas with porous structures is observed,
but for the films prepared at 150 and 200mVs~!, the formation of a
more uniform and smooth surface is seen. This is in agreement with the
literature [27,28] and can be explained based on the relative rates of
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Fig. 1. CVs recorded during electropolymerization of BG on MWCNT/GCE in ethaline + (0.5 M HySO4 + 10% H,0) at scan rates: (A) 50mVs~; (B) 100mVs~; (C) 150mVs~'; (D)

200mVs~; (E) electropolymerization of BG in aqueous Mcllvaine buffer solution pH 4.0at 150mVs~'.

nucleation and polymer growth. At slower scan rates, the number of nu-
cleation sites generated on the MWCNT surface is smaller and the rela-
tively large amount of time spent in the potential range of polymer ox-
idation leads to rapid growth of PBG nuclei. As a result, a thinner and
rougher film is formed. On the other hand, at a higher scan rate, forma-
tion of more PBG nuclei is favoured, but less growth. As a result, Fig.
3C-F, a successively smoother and more compact surface is obtained, as

the scan rate increases.
3.4. GOx/PBGpgs150/MWCNT/GCE biosensor for glucose determination

Enzyme biosensors for glucose determination using glucose oxidase
immobilized on the best performing PBG modified MWCNT/GCE, with
PBG deposited at 150mVs~!, were prepared according to the procedure
described in the experimental section.

—1

3.4.1. Influence of the applied potential

The influence of the applied potential on the GOx/PBGpgs150/MW-
CNT/GCE biosensor response towards 100 pM glucose was performed in
the range of —0.9 to —0.2V vs. Ag/AgCl, Fig. 4. As can be seen, the
response to glucose increments increases at less negative potential, be-
tween —0.9 and —0.4V, where the maximum was achieved, and then
begins to decrease slightly. Therefore, an applied potential of —0.4V vs.
Ag/AgCl, was selected for further experiments.

3.4.2. Analytical performance

Fig. 5A displays the amperometric response for glucose at the GOx/
PBGpgrs150/MWCNT/GCE biosensor. Stock solutions of 1 mM and 2mM
glucose in 0.1MPB (pH 7.0) were prepared for glucose determina-
tion. The measurements were performed by the addition of aliquots
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Fig. 2. CVs of PBG/MWCNT/GCE in 0.1 M PB solution (pH 7.0) at 50 mvs! (
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PBGpgs100-MWCNT/GCE (- - - - -); PBGpgs50-MWCNT/GCE; (- « + « + ) PBGqueous MW-
CNT/GCE.

of the stock glucose solutions to an electrochemical cell containing
0.1 MPB (pH 7.0) electrolyte solution, under continuous stirring at an
applied potential of - 0.4V vs. Ag/AgCl. A well-defined response rapidly
reaching a stable plateau was recorded after each glucose addition,
that was linear with glucose concentration in the range from 5uM to
100 puM, Fig. 5B. The calibration curve followed the equation: Aj (pA
em™2) = 1.33 + 0.54 [glucose] uM, and the limit of detection was es-
timated to be 2.33 pM, which is a better electrochemical performance
than some of the most recent GOx biosensors for glucose determination
in the literature [29-33], indicating advantages of preparing polymer
films in deep eutectic solvent.

The binding affinity of the immobilized enzyme GOx with its sub-
strate (glucose), the Hill constant, h, was estimated from the slope of
the plot of log (I/Ije) versus log [glucose]. The Hill plot slope was
1.24; this value reflects positive cooperativity, h > 1 [34], meaning a
high binding affinity of the immobilized enzyme (GOx) with its sub-
strate and indicates that the reaction between enzyme and target analyte
has Michaelis-Menten type kinetics. The Michaelis-Menten constant for
GOx/PBGpgs150/MWCNT/GCE was estimated to be 53 pM.

3.5. GOx/PBGpgs150/MWCNT/GCE biosensor for inhibition measurements

3.5.1. Enzyme inhibition procedure

In order to evaluate the inhibition of the activity of glucose oxi-
dase (GOx), amperometric measurements were made in 0.1 MPB solu-
tion (pH 7.0) at —0.4V vs. Ag/AgCl. After stabilization of the baseline
current, a chosen glucose concentration was added and the steady cur-
rent recorded (Ip). Next, known concentrations of trace metal ions were
added to inhibit the enzyme activity and the current was measured ().
The decrease in current is proportional to the concentration of inhibitor
in solution. The percentage of inhibition, I %, is calculated according to
Ref. [35]:

Iy_ I,
1% = TXIOO 6h)

3.5.2. Optimization of the biosensor for inhibition

For optimizing the enzyme inhibition procedure, the effect of the
loading of the immobilized enzyme and the pH value of the electrolyte
were evaluated.
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3.5.2.1. Influence of the enzyme loading The influence of the amount
of immobilized enzyme was investigated at a constant concentration
of BSA (30mgmL™!) and varying the concentration of GOx (5.0, 10.0,
15.0, 20.0, 25.0 and 30.0mgmL™') immobilized on the optimised
PBGprs150/MWCNT/GCE electrode support, as described in the exper-
imental section. The amperometric response to 0.5mM glucose was
tested for different enzyme loadings at an applied potential of - 0.4V vs.
Ag/AgCl. The total anodic change in current increases as the amount of
GOx increases, reaching a maximum for 25.0mgmL~' GOx. For higher
loadings, there is a decrease in biosensor response, indicating that high
concentrations of enzyme compromise biosensor response due to diffu-
sion limitations.The degree of inhibition for each enzyme loading was
also assessed by evaluating the GOx activity in the presence of glucose
by the addition of 20nM of each metal ion in individual experiments.
For all metals studied, the percentage of inhibition increased with in-
crease in enzyme loading up to 20.0mgmL~! above which it remained
the same. Therefore, 20.0mgmL™~! of the enzyme was chosen as opti-
mum.

3.5.2.2. Influence of the pH The enzyme biosensor response can depend
significantly on the pH of the solution. The effect of the pH was inves-
tigated by comparing the sensitivities of the calibration curves obtained
from additions of each inhibitor at GOx/PBGprs150/MWCNT/GCE with
0.5mM glucose as enzyme substrate, see Table 1. Amperometric mea-
surements were performed at pH values between 6.0 and 8.0, at a fixed
applied potential of —0.4V vs. Ag/AgCl. The sensitivity to all trace metal
ions increased from pH 6.0 to pH 7.0 and at pH 8.0 became lower again.
This trend in the GOx response is the same as without the presence of
inhibitors. Hence, pH 7.0 was selected as the more suitable pH value.

3.5.3. Inhibition measurements

3.5.3.1. Determination of the type of inhibition The mode of interaction
between the metal ions and the active site of GOx, in the mechanism
of reversible inhibition of Hg?, Cd?*, Pb?* and, Cr"! was deduced from
plots of the percentage of inhibition versus inhibitor concentration, for
various substrate concentrations. The traditional method requires both
Dixon and Cornish-Bowden plots to fully elucidate the type of inhibi-
tion because Dixon plots for mixed and competitive inhibition are sim-
ilar and from the Cornish-Bowden plot it is not possible to determine
the inhibition constant for competitive inhibition [36,37]. In the new
method [20], the effect of different substrate concentrations on Is (con-
centration of inhibitor necessary to inhibit 50% of the initial response
to the substrate) is evaluated. Here, following preliminary experiments
with a wide range of glucose concentrations starting from low values,
three concentrations: 0.25, 0.5 and 1.0 mM were employed, as shown in
Fig. 6.For competitive inhibition, when the substrate concentration in-
creases, the value of I5j also increases, and the maximum inhibition de-
creases, observed for Hg?* and Cd?*, Fig. 6A and B. On the other hand,
when the values of I5, decrease with increasing substrate concentration,
and the maximum inhibition value increases, the mechanism is uncom-
petitive inhibition, as seen for Pb2*, Fig. 6C. Finally, for mixed inhibi-
tion, Fig. 6D, only a slight change in I, occurs, as happens with Cr'%.
For comparison and verification purposes, the mechanism of inhibition
was also evaluated from the corresponding Dixon and Cornish-Bowden
plots and the same conclusions regarding the mechanism of reversible
inhibition were reached for all four ions (see plots in Supplementary
Material Fig. S3). The mechanism of inhibition for each metal ion
agrees with that reported in the literature [13,39-41].

3.5.3.2. Andlytical determination of Hg? Cd**, Pb’* and CrV! ions As
seen above, the concentration of the enzyme substrate needs to be care-
fully chosen. Fig. 6, that gives the response for 0.25, 0.5 and 1.0 mM
glucose, shows that for 0.25mM enzyme substrate, after the first addi-
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1 nm’

Fig. 3. SEM images on carbon film electrodes of (A) MWCNT; (B) PBG,/MWCNT (electropolymerized at 150 mV s71); (C) PBGehaline50/MWCNT; (D) PBGeghatinel 00/MWCNT; (E) PBGegha.

inel 50/MWCNT; (F) PBGethaline200/MWCNT.

tion of inhibitor, more than 10% inhibition occurs. On the other hand,
the maximum inhibition decreases with increase in glucose concentra-
tion, except for Pb2*. Hence, the intermediate concentration of 0.5mM
glucose was chosen as the best value for inhibitor quantification.Un-
der these conditions, the trace metal ions were determined at the GOx/
PBGpgs150/MWCNT/GCE biosensor, and the limit of detection was cal-
culated based on a signal-to-noise ratio of 3 (S/N = 3). From Fig.
6A, the linear range obtained for Hg?* was 2.5-100nM, with a LOD
of 2.30nM. For Cd?*, Fig. 6B, the linear concentration range was
10-100nM and the calculated LOD was 1.75nM. Fig. 6C shows a lin-

ear response to Pb2* from 10 to 120nM presenting a LOD of 2.70nM.
Finally, for CrV}, Fig. 6D, the linear range was from 2.5 to 60nM with
the LOD of 2.44nM.The enzyme inhibition constant (K;) was estimated
from the equations of the relationship between I5y and Kj, valid for all
type of inhibition, as proposed by Amine et al. [20], Table 2. Hg?™,
Cd?* and CrV! show the smallest values of K;, which indicates a greater
binding affinity, in agreement with the amount of these metal ions,
expressed by I;g, necessary to inhibit enzyme activity, demonstrating



W. da Silva et al.

60

101 @

-0.9

T T T T T T T

-06 -05 -04 -03 -0.2 -0.1

E |V vs. Ag/AgCI

Fig. 4. Dependence of the glucose response at GOx/PBGethalinel 50/MWCNT/GCE on ap-
plied potential in 0.1 M PB solution (pH 7.0) in the presence of 100 uM glucose.

-0.8 -0.7

-50

{(A)
-60-

=704

-80 4

J I pnAcm?

-90
-100 ~

-110 4

-120

600 800 1000 1200 1400 1600 1800 2000
t/s

IB)
s009?

0 — T T T T
0 20 40 60

80 100 120 140 160 180
[Glucose] / uM

Fig. 5. (A) Amperometric response of GOX/PBGethalinel 50/MWCNT/GCE biosensor to glu-
cose in 0.1 MPB solution, pH 7.0; applied potential —0.4V vs. Ag/AgCl. (B) Calibration
curve obtained from injection of increasing concentrations of glucose (0-150 pM).

their higher toxicity. On the other hand, Pb%* presented a higher value
of K;, revealing its weaker inhibitor capability [38].The analytical per-
formance of the novel GOx/PBGprs/MWCNT/GCE biosensor for detec-
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Table 1

Influence of the pH of the 0.1 M phosphate buffer supporting electrolyte solution on the
sensitivity of determination of different metal ions, concentration 20nM, at PBGpgs150/
MWCNT/GCE biosensor by GOx inhibition in the presence of 0.5mM glucose at applied
potential —0.4V vs. Ag/AgCl.

Metal ion Sensitivity (pA cm 2 nM 1) Inhibition (%)

pH 6.0 pH7.0 pH 8.0 pH 6.0 pH7.0 pH 8.0
Hg 2+ 0.98 1.26 0.78 16.5 24.2 14.9
cd 2+ 0.90 1.16 0.84 17.0 22.2 11.3
Pb 2+ 0.94 1.23 0.73 5.2 8.8 3.7
crV! 0.86 1.15 0.78 11.2 23.2 7.2

tion of these toxic trace metal ions by the enzyme inhibition strategy
was compared with the most relevant recent reports, Table 3. As can be
seen, the novel biosensor showed superior electroanalytical performance
to those found in the literature with the lowest limit of detection found
until now. Furthermore, it does not require any kind of pre-treatment
after each measurement for restoring GOx activity such as immersion of
the electrodes in the buffer and/or metal chelating agent (EDTA) solu-
tion for a long period of time.The use of ethaline DES to form the PBG
polymer film had a significant influence on its surface morphology, con-
tributing to the improvement of the electroanalytical properties of PBG/
MWCNT/GCE. The high sensitivity of the glucose biosensor and after
immobilization of enzyme, can be attributed to a high binding affinity
if the immobilized enzyme to the polymer film. This, in turn, increased
the sensitivity in detection of trace metal ions by enzyme inhibition, for
example compared with our previous studies on the same trace metal
ions at redox polymer modified electrodes formed in aqueous solution,
e.g. Ref. [42].

3.5.3.3. Selectivity Selectivity is a very important parameter in design-
ing biosensors for application to real samples. Potential interferent ions
were tested, the cations (Ag™, K*, Na*t, Fe?*, Zn?*, Ni%*, Cu?*, and
Co?*) and the anions (NO3~, SO42~ and Cl), (Supplementary Mater-
ial Fig. S4). Inhibition at the GOx/PBGpgs150/MWCNT/GCE biosensor
was tested in the presence of 0.5mM glucose at the previously optimised
applied potential of —0.4V vs. Ag/AgCl; the concentration of the inter-
ferents was 200 nM. This value corresponds to the maximum degree of
inhibition achieved by all the trace biotoxic metal ions that are the ob-
ject of this study. The degree of inhibition observed with the interferents
had no significant influence of the initial response of glucose, less than
10%, for the high concentration of each interferent evaluated.

3.5.3.4. Repeatability and stability The repeatability of the GOx/
PBGpgs150/MWCNT/GCE biosensor was investigated by measuring the
same concentration, 20 nM, of each trace metal ion at ten different mod-
ified electrodes prepared in the same way. The relative standard devia-
tions were less than 4.5%.The stability of the biosensor was monitored
daily by measuring the response of glucose, during 20 days, after suc-
cessive inhibition experiments for all metal ions at the same modified
electrode. When not in use, the biosensors were kept in buffer (PB, pH
7.0) at 4°C. After 20 days, the glucose response lost just 13% of its initial
value. However, such a loss of the enzyme activity does not compromise
the use and the effectiveness of the inhibition biosensor.

3.5.3.5. Application In order to demonstrate the feasibility of the
biosensor for food monitoring, the determination of trace metal ions in
milk samples was carried out by the standard addition method. Milk
samples were spiked with known amounts of Hg?*, Cd?*, Pb%* and CrV!
ions, and the recoveries were calculated, Table 4. The average apparent
recovery was in the range of 99.5-100.1%, which indicates that the pro-
posed biosensor is efficient for practical applications with an excellent
level of reliability.
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Table 2
Parameters of inhibition obtained from the relationship between Isy and inhibition con-
stant K;. Equations from Ref. [20].

Metal Mechanism

ion ofinhibition Equation Ki/nM  LonaM IsonM
Hg 2+ Competitive b (1 " }fl) 8.39 15.4 88.0
cd2+ Competitive b (1 " }%) 7.08 18.0 74.1
Pb 2+ Uncompetitive Lo _ (1 " %) 77.3 10.9 85.4
(¢ 25.2 6.3 45.9

Mixed Lo _ H‘%
X~ i)
i 2+ from

I - Concentration necessary for 10% inhibition of initial response of the substrate.
Iso - Concentration necessary for 50% inhibition of initial response of the substrate.
K; - Inhibition constant.

K, - Michaelis-Menten constant of the enzyme without the presence of inhibitor.
[S] - Enzyme substrate concentration.

4. Conclusions

A GOx inhibition biosensor for trace metal ion detection based on
poly (brilliant green) — ethaline deep eutectic solvent/MWCNT has been
developed for the first time. The deep eutectic solvent ethaline permit-
ted the formation of polymer nanostructured films with superior sens-
ing characteristics compared with films formed in aqueous solution, and
thence the mediated glucose biosensor and enzyme inhibition biosen-
sor. The mechanism of reversible inhibition was found to be competi-
tive for Hg?* and Cd?*, uncompetitive for Pb?>" and mixed for Cr'L
The novel enzyme inhibition biosensor exhibited a limit of detection
of around 2nM for all ions, with good selectivity and stability, sig-

nificantly lower than those in the literature. It was successfully applied
to the detection of these trace metal ions in milk samples with excellent
recoveries, which augurs well for its use in environmental trace metal
ion monitoring.
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Table 3
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Comparison of performance of recent modified electrode-based enzyme biosensors using enzyme inhibition for trace metal ion determination.

Applied
Mode of potential and ~ Linear range Detection Inhibition
Biosensor Inhibitor ~ detection pH /uM limit/nM Reactivation  type Ref.
PPy-GOx/Pt cd 2+ Amperometry +0.7 Vs, 4.0-26 4000 EDTA, competitive [13]
(Ag/AgCl), 2mM (105s)
pH7.0
Pb 2+ 1.6-7.7 1600 mixed
Hg 2+ 0.48-3.3 480 non-
competitive
HRP/PNR/CFE crVt Amperometry - 0.5V vs. 0.05-0.35 1600 - uncompetitive  [39]
(Ag/AgCD),
pH 6.0
PPy-GOx/Pt cd 2 Potentiometry  Zero current® 0.04-62 44 phosphate competitive [40]
vs.(Ag/AgCl), buffer
pH 7.0 0.05M,
(15min)
Pb2* 0.10-15 24 non-
competitive
Hg 2+ 0.025-5.0 25 non-
competitive
GOx/PANI/Fc/Pt crV Amperometry +0.7 Vvs. 0.49-95.73 9.0 phosphate * [41]
(SCE), pH buffer
2.55 0.05M,
(8 min)
PBGpgs150-MWCNT/GCE Hg 2+ Amperometry - 0.4V vs. 0.0025-0.100 2.30 - competitive This
(Ag/AgCl), work
pH 7.0
cd2+ 0.010-0.080 1.75 competitive
Pb2* 0.010-0.120 2.70 uncompetitive
crVt 0.0025-0.060  2.44 mixed

PPy-GOx/Pt — glucose oxidase (GOx) entrapped by polypyrrole (PPy) modified platinum electrode; HRP/PNR/CFE - horseradish peroxidase (HRP) immobilized on poly (neutral red) car-

bon film electrode; Urease/PVF/Pt - urease immobilized in poly(vinylferrocenium) film on Pt electrode; GOx/PANI/Fc/Pt - glucose oxidase (GOx) immobilized on polyaniline-ferrocene
film on platinum electrode; GOx/PBGpgs-CNT/GCE - glucose oxidase (GOx) entrapped in poly (brilliant green) (PBG) electrodeposited on carbon nanotubes in the presence of the deep
eutectic solvent ethaline; * not specified.

Table 4

Determination of trace metal ions in milk samples.

Metal Added Expected Found Apparent Recovery

ion (nM) (nM) (nM) (%)

Hg 2+ 20.0 20.0 19.9+0.2 99.5

cd 2+ 20.0 20.0 20.2+0.1 100.1

pb2+ 20.0 20.0 19.8 0.2 99.0

crV! 20.0 20.0 19.8 0.2 99.0
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