Journal Pre-proof

Biotoxic trace metal ion detection by enzymatic inhibition of a glucose biosensor
based on a poly (brilliant green)-deep eutectic solvent/carbon nanotube modified
electrode

Wanderson da Silva, Mariana Emilia Ghica, ChristopherM.A. Brett
PII: S0039-9140(19)31060-4

DOI: https://doi.org/10.1016/j.talanta.2019.120427
Reference: TAL 120427

To appearin: Talanta

Received Date: 30 July 2019
Revised Date: 26 September 2019
Accepted Date: 1 October 2019

Please cite this article as: W. da Silva, M.E. Ghica, C.A. Brett, Biotoxic trace metal ion detection by
enzymatic inhibition of a glucose biosensor based on a poly (brilliant green)-deep eutectic solvent/
carbon nanotube modified electrode, Talanta (2019), doi: https://doi.org/10.1016/j.talanta.2019.120427.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier B.V.


https://doi.org/10.1016/j.talanta.2019.120427
https://doi.org/10.1016/j.talanta.2019.120427

Graphical Abstract

Enzyme substrate

Enzyme (cw @ B
Inhibitors \) @ {b)

Glassy Carbon Product




Biotoxic trace metal ion detection by enzymatic initition of a glucose
biosensor based on a poly (brilliant green)—deep &ctic solvent/carbon
nanotube modified electrode

Wanderson da Silva, Mariana Emilia Ghica, Chriseygii.A Brett

Department of Chemistry, Faculty of Sciences and Technology,
University of Coimbra, 3004-535 Coimbra, Portugal

*Corresponding author:
Tel: +351-239854470
Fax: +351-239827703
E-mail: cbrett@ci.uc.pt



Abstract

A highly sensitive glucose oxidase (GOx) electrastoal biosensor for the determination of
the biotoxic trace metal ions Bg Cdf*, PF* and C¥' by enzyme inhibition has been
developed. GOx was immobilized on a novel sensiatgfggm consisting of poly(brilliant
green) films formed by potential cycling electrogakrization in sulfuric acid doped ethaline
deep eutectic solvent on multiwalled carbon nametoindified glassy carbon electrodes.
Polymer films produced in this medium presented enoniform morphology and better
electrochemical sensing properties than those pedpim aqueous solution. The inhibitor
concentration necessary to give 50% inhibitigs,was used for the determination of the type
of reversible inhibition, and the relationship beém sy and the inhibition constarK; is
discussed. The new biosensor was successfully fasetie determination of biotoxic trace
metal ions with a nanomolar limit of detection, Emthan in the literature, very good
repeatability, stability and selectivity, and wampked successfully to detection of the toxic

trace metal species in milk samples.

Keywords: Biotoxic trace metal ions; ethaline deep eutestitvent; poly(brilliant green);

enzyme inhibition electrochemical biosensor



1. Introduction

The toxicological or nutritional implications of nadlic species are directly related with the
group of metals in the periodic table to which thejong and/or the amounts absorbed by
living organisms, which can lead to chronic poisgn[1,2]. Excessive bioaccumulation of
toxic metal ion traces including Bg Cd*, P*, and CY', have been reported as being
responsible for a variety of health problems sushmammalian cancer, damage to the
nervous system, brain function, and of other orgsush as the heart, kidney, and lungs,
leading to respiratory disease or even death [3H&ls, the procurement of a fast, accurate
and reliable analytical approach for monitoringitokace metals in the environment for

humans and other organisms has received consideatibhtion.

Enzyme-based electrochemical biosensors have ethemgean efficient alternative to
traditional analytical methods for the analysigrate metal ions, that have drawbacks such as
being time-consuming, high-cost, requiring compilestrumentation and highly specialized
staff, and lack of suitability for on-field analgs{7—11]. Advantages of electrochemical
detection include simple sensor preparation, fagpaonse, excellent sensitivity, and
selectivity. Enzyme-inhibition biosensors, to dater one of the best choices for the simple
and rapid detection of toxic compounds such adqéss and heavy metal ions due to their
selective inhibition of enzyme activity [12]. Fuettmore, the achievable limit of detection is
often much lower, nanomolar, than that obtainedbsely electrochemical methods and it
can quantify concentration values less than theispg maximum allowed values in clinical
and environmental samples [13]. However, the chatesuitable platforms for enzyme
immobilization is mandatory since this may influengiocompatibility, catalytic properties,
stability and sensitivity, as well as retention esfzyme activity. Therefore, to fabricate a
biosensor with high performance, efforts need tontzgle in the development of new and

advanced electrode materials.



Deep eutectic solvents (DES) are formed by a binaigture composed of a hydrogen bond
donor (HBD) and acceptor (HBA) mixed in a specifiolar ratio. DES exhibit similar
properties to ionic liquids that include high contivty, stability, non-toxicity, and a wider
potential range than aqueous solutions, permittiegpreparation of materials with controlled
structure for sensor applications [14]. Howeveg tlevelopment of conducting and redox
polymer-modified electrodes using DES as electeohds been little explored so far. The few
articles that report their use in polymer electgmstion highlight the formation of polymer
films with better performance in terms of film camtivity than their analogues synthesized

in aqueous solution [15-19].

This work describes, for the first time, the deyahent of a biosensor based on GOXx
entrapped on novel ultra-thin poly(brilliant grediPBG) films electrodeposited in ethaline
DES on multiwalled carbon nanotube (MWCNT) modifigldssy carbon electrodes (GCE)
for inhibitive amperometric detection of FigCd™*, PF*, and CY'. The influence of different
doping agents (S8, NOs, CI, and COQ and of scan rate on the electrodeposition of PBG
was probed. The performance of the nanocompositifiemd GCE was evaluated by cyclic
voltammetry (CV). Scanning electron microscopy (9EMas used to examine the
morphology of the nanostructures and its influenoe electrochemical properties.
Comparison with PBG films electrodeposited in agusesolution was also made. In the
fabrication of the biosensor, other factors wess alonsidered, such as the influence of the
electrode modifiers on the degree of GOx inhibitioperational stability, sensitivity, and
reproducibility. The elucidation of the mechanismreversible inhibition for each ion was

done by a novel method [20].



2. Experimental

2.1 Reagents and solutions

Glucose oxidase type X-S (froAspergillus Niger, activity 15100 U g, CAS number: 9001-
37-0), bovine serum albumin (BSA), glutaraldehy@A( 2.5% v/v in water), sulfuric acid
(97 %), nitric acid (65 %), hydrochloric acid (37),%cetic acid (94.74 %), choline chloride,
and anhydrous ethylene glycol were purchased frigm& Aldrich, Germany. Brilliant green
dye (95 %) was purchased from Fluka, SwitzerlantVGNT with ~ 95 % purity, diameter
30 £ 10 nm, and 1-um length were from Nanolab, U.S.A. For the studyirdfibition,
standard 1000 mg tsolutions (Tec-Lab, Brazil) of H{ (traceable to SRM 3133 NIST,
USA), PB" (traceable to SRM 3128 NIST, USA), €étraceable to SRM 3108 NIST, USA),
and C' (potassium dichromate from Sigma-Aldrich, Germamgre used. The Mcllvaine
buffer solution pH 4.0, was prepared by mixing Bl Xitric acid (Sigma-Aldrich) and 0.2 M
NaoHPO, (Riedel-de-Haen). The phosphate buffer (PB) suppprélectrolyte solution was
prepared by mixing Na#PO, (Riedel-de-Haen) and NdPO,.2H,0 (Fluka) and adjusting the

pH with 0.1 mM hydrochloric acid or 0.1 mM sodiurydnoxide (Sigma-Aldrich).

All reagents were of analytical grade and were usgdout further purification. Millipore
Milli-Q nanopure water (resistivity 18 MQ cm) was used for the preparation of all solutions.

Experiments were performed at room temperature:(25C).

2.2 Instrumentation

Voltammetric and amperometric experiments werei@arout with a computer-controlled
Ivium Compactstat potentiostat (lvium Technologig¥ Eindhoven, Netherlands). For all
electrochemical experiments, a conventional thieet®de system consisting of a 0.00785
cn’ geometric area glassy carbon electrode (GCE) agimgprelectrode, a platinum wire

counter electrode, and an Ag/AgCl (3M KCI) referemtectrode were used.



Surface morphological images of the nanostructurederials electrodeposited on carbon
film electrodes were obtained using scanning ebectnicroscopy (SEM) with a JEOL, JSM-
5310, Japan. The pH measurements were made wilRISCAIN 2001 micro pH-meter (Crison

Instruments SA, Barcelona, Spain).

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

Prior to use, MWCNT were functionalized in nitriciéh as described previously [21], by
dispersion and stirring in 5 M nitric acid for 24 This treatment was performed in order to
ensure complete removal of impurities obtained ryurtheir production, as well as of
amorphous carbon. Nitric acid also causes someifism defects in carbon nanotube
structures and insertion of some negative —C@@ups, improving their conductivity
[22,23]. The functionalized MWCNT were then filtdrand washed with Milli-Q water until
neutral and dried in an oven at 80 °C overnightoider to modify the GCE with the
functionalized MWCNT, dispersions of 1.0 % w/v MWTMas prepared in 0.2%, 0.5%, and
1.0 % wi/v chitosan dissolved in 1.0 % v/v acetiddaand was sonicated for 2 h to ensure
complete homogeneity of the mixture. Prior to miadifion, the bare GCE was mechanically
polished diamond spray on a polishing cloth (Kerd) down to 1um particle size leading
to a mirror-like surface. The polished electrodeswased and sonicated to remove any
adherent solid particles. After the cleaning pracedluL of the three different MWCNT-
chitosan dispersion solution was drop cast two sime the GCE surface and left to dry at
room temperature for 60 min for each drop. Before polymerization progeduthe stability
of the MWCNT-chitosan films was assessed by the ension of the modified electrodes in
aqueous solution containing 0.5 Mb$0,. MWCNT-chitosan films prepared by using the
dispersions containing 0.2% and 0.5% chitosan fepddetached immediately from the

electrode surface after immersion in strongly acidolution. On the other hand, the



MWCNT-chitosan films prepared from dispersions eimhg 1.0 % chitosan loading,
produced stable films even when left immersed #fbh2n 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 dopagent on the formation rate and the
electrochemical behaviour of poly(brilliant greesr) carbon nanotubes several acid doping
solutions were tested with anions: sulfate {Qnitrate (NQ), chlorate (C), carboxyl

(COO).

PBG films were first formed by electropolymerization MWCNT/GCE in an aqueous
solution containing 1 mM BG + 0.5 M of differentids as doping agent, by potential cycling
between -1.0 and 1.2 V vs. Ag/AgCI during 10 cycksa scan rate of 50 mV'sThe
electrochemical characteristics of each type of P#& in the PBG/MWCNT/GCE
configuration were investigated by cyclic voltammetand the best doping agent (sulfuric

acid, see below) was chosen for electropolymeonan DES.

Ethaline DES, consisting of a 1:2 molar ratio oblaie chloride:ethylene glycol was prepared
by prior heating of solid choline chloride to ~80 fo evaporate any water, followed by
addition of ethylene glycol under stirring and legtup to 100 °C until a homogeneous and
colourless solution was obtained, which was cod@an to room temperature [24]. Since the
monomer is not very soluble in strong acidic med#; was first dissolved with a
concentration just above 1.0 mM in a mixture conteg 10 % v/v of water: 90 % v/v
ethaline, which was thoroughly stirred and songate an ultrasound bath in order to
completely dissolve the monomer. This was follovegdhe addition of a tiny volume of the
concentrated sulfuric acid doping agent, to finalbtain 1.0 mM BG monomer and 0.5 M of

sulfuric acid, in the final mixture.



PBGoes films on MWCNT/GCE were formed by using the saméeptial cycling parameters
as in aqueous solution; the influence of the sedé® on the formation of the films was also
investigated. For comparison purposes, BB top of MWCNT was also prepared in an
aqueous solution containing 1 mM BG in Mcllvaindfey pH 4.0 during 10 cycles at a scan
rate of 150 mV 3, as in [25]. The polymer films obtained were dasigd as PBgGaind0-

200 and PB, respectively.

2.5 Biosensor preparation

After optimization of the modified electrode areduture, GOx was immobilized on its
surface by cross-linking, using a mixture of GOxhnglutaraldehyde, as cross-linking agent,
and BSA carrier protein. The enzyme solution wapared by dissolving different amounts
in the range 5.0 — 25 mg nilof GOx in 0.1 M PB solution, pH 7.0. For all enaysolutions,
the same amount of BSA, 30 mg ihlwas added. For enzyme drop-coatingyL1of the
enzyme solution containing BSA was dropped on aifieadelectrode surface followed by 1
uL of GA (2.5 %). The electrode assembly was leftitg for 1 h at room temperature, after
which the biosensor was immersed in buffer solufjd 7.0) for at least 2 h before use in
order to hydrate the formed membrane and facilita¢ediffusion of ionic species. When not

in use, the biosensor was kept in buffer solutioh &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 cad out on MWCNT/GCE, by cycling the
potential between -1.0 and 1.2 V vs. Ag/AgCl in M5aqueous solution of the acids$O;,
HCI, HNO; and CHCOOH at 50 mV $ (Supplementary material Fig. S1). The supporting

electrolyte plays an important role in the growflconducting polymers. In the case of PBG,



this has a big influence, since protonic acid dgpai the polymer leads to a different
mechanism of nucleation. This affects both thedyad the electrochemical behaviour of the

formed films, as seen in the different voltammegricfiles (Supplementary material Fig. S2).

The mechanism of polymerization of BG begins witkidation of the secondary amino
groups which form cation radicals and attack beazergs in a free ortho-position relative to
the amino group, initiating the polymerization. different acid solutions, Fig. S1, similar
behaviour was observed for all electropolymerizagjchaving one redox pair with midpoint
potential value at0.5 V, with currents increasing in all cases, @xder nitric acid solution,
in which the peaks decrease with each cycle. 84 an oxidation peak a0.8 V was also

observed, which is attributed to monomer oxidafizi].

After electropolymerization for 10 cycles, the amogeak currents at ~0.5 V were found to be
10.8, 4.94, 3.98, and 045A cm?, for PBG formed in solutions of the acids3®,, HCI,
HCOOH and HNQ respectively. In the case of HNCthe polymer film was not stable as
evidenced by the fact that the anodic peak cudeateased with the number of cyclégclic
voltammograms recorded in 0.1 M PB pH 7.0 afteyp@rization, Fig. 1, also showed that
the current peak corresponding to the polyr®&g V, was the highest for the film deposited
in H,SOy. Taking into account the better-defined polymeakseduring polymerization, the
presence of monomer oxidation peak, as well as ehigholymer peak currents after
polymerization, the conclusion was that3@, 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 solutionldd mM BG with 0.5 M HSO, in a 10 %
v/v of water: 90 % v/v ethaline mixture was preghrsee experimental section for details.

The PBG film was grown on MWCNT/GCE at scan ratethe range from 50 to 200 m¥,s
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during 10 cycles, sweeping the potential betweeb ahd 1.2 V vs. Ag/AgCl. As seen in Fig.
1A-D, the amount of polymer formed increased witbréasing scan rate, up to 150 m¥/ s

the decrease above this can be ascribed to difflisiatations [26].

Cyclic voltammograms recorded in ethalinggS&, (pH 2.0), Fig 1A-D, for all sweep rates are
quite similar, and the redox peaks are shifted tde/anore positive potentials compared with
those of PBG, electrodeposited in Mcllvaine buffer (pH 4.0) ague solution, Fig 1E. This
shift is directly related to the pH, with protonsimg inserted from the solution into the
polymer during the oxidation processes, and exgpediering reductionThe oxidation peak
currents recorded during the first five cycles @age continuously and indicate the formation
of cation radicals. However, from th& %o 10" cycles this increase slows down, due to the
polymer deposited during the first cycles impedingher oxidation of the monomer on the
electrode surface, so that hardly any radical natend/or polymer are formed at this stage.
Therefore, 10 cycles were selected for further tedpolymerization studies. The same
tendency is observed in the cyclic voltammogramsHte polymerization of BG in aqueous

solution, Mcllvaine buffer (pH 4.0), at 150 mV},sig 1E.

3.3 Characterization of the nanostructured films

3.3.1 Cyclic voltammetry

To evaluate the electrochemical behaviour of PB@sfielectrodeposited on MWCNT/GCE,
cyclic voltammograms of the modified electrodes evezcorded in 0.1 M PB solution (pH
7.0) at a potential scan rate of 50 mV. §ig. 2 shows CVs of MWCNT/GCE modified with
PBGoeselectrodeposited at different scan rates, and K8€ctrodeposited at 150 mV}.sAs
observed, the anodic and cathodic peak currentegmnding to the response of the BB
films increase with the electropolymerization scate, up to 150 mV'5 The decrease for

PBGoes films electrodeposited at 200 mV* snay be attributed to the viscosity of the DES
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that makes diffusion of ionic species at higheregveate more difficult, as seen in [19]. PBG
formed in aqueous medium, Mcllvaine buffer (pH 4.€xhibits lower peak currents than
PBGoesfilms. The PBGesfilm electrodeposited at 150 mV presented the highest currents

and was therefore chosen as the best electroderpidor glucose oxidase immobilization.

3.3.2 Scanning electron microscopy

Fig. 3 displays SEM images of PBG films formed Wbgc&opolymerization on MWCNT
modified carbon film electrodes in aqueous Mclheihbuffer solution (pH 4.0), and in
ethaline DES at scan rates 50, 100,150 and 200 thVFer comparison, an image of

MWCNT on the carbon electrode support without etsteposited polymer is also shown.

The SEM image in Fig. 3A shows a randomly entangied cross-linked network of
MWCNT spread over the electrode surface. The PB@dd by electropolymerization in
aqueous Mcllvaine buffer solution (pH 4.0), exiatsa relatively thin film on the MWCNT

surface, see Fig. 4B, which leads to only a sligbtease in the diameter of the MWCNT.

The morphology of PBgxs films, that is those formed in ethaline, was exadiras a
function of the electropolymerization scan ratgy. BC-F. The thickness of the polymer films
is greater than that in aqueous Mcllvaine buffeH (4.0). The PBGes films from
electropolymerization at 50 mV's Fig. 3C, exhibit a visibly rough and porous soefa
structure; at higher scan rates, there is formatfomore compact and thicker nanostructures.
For the PBGes film made at 100 mV'% a mix of compact and smooth areas with porous
structures is observed, but for the films prepaed50 and 200 mV’s the formation of a
more uniform and smooth surface is seen. This &gneement with the literature [27,28] and
can be explained based on the relative rates d¢éation and polymer growth. At slower scan
rates, the number of nucleation sites generatetherMWCNT surface is smaller and the

relatively large amount of time spent in the patdmange of polymer oxidation leads to rapid
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growth of PBG nuclei. As a result, a thinner andgteer film is formed. On the other hand, at
a higher scan rate, formation of more PBG nucldaoured, but less growth. As a result,
Fig. 3C-F, a successively smoother and more conmpatace is obtained, as the scan rate

increases.

3.4. GOX/PBGpes150/MWCNT/GCE biosensor for glucose determination

Enzyme biosensors for glucose determination usingoge oxidase immobilized on the best
performing PBG modified MWCNT/GCE, with PBG depesitat 150 mV S, were prepared

according to the procedure described in the expariah section.

3.4.1 Influence of the applied potential

The influence of the applied potential on the G@@3:s150/MWCNT/GCE biosensor
response towards 1QM glucose was performed in the range of -0.9 t@ \0vs. Ag/AgCl,

Fig. 4. As can be seen, the response to glucosenments increases at less negative potential,
between -0.9 and -0.4 V, where the maximum waseaeki, and then begins to decrease
slightly. Therefore, an applied potential of -0.4Vg. Ag/AgCl, was selected for further

experiments.

3.4.2 Analytical performance

Fig. 5A displays the amperometric response for agec at the
GOx/PBGesl50/MWCNT/GCE biosensor. Stock solutions of 1 mMI &mM glucose in
0.1 M PB (pH 7.0) were prepared for glucose deteaton. The measurements were
performed by the addition of aliquots of the stgllkcose solutions to an electrochemical cell
containing 0.1 M PB (pH 7.0) electrolyte solutiamder continuous stirring at an applied
potential of - 0.4 V vs. Ag/AgCI. A well-defined sponse rapidly reaching a stable plateau

was recorded after each glucose addition, thatliwaar with glucose concentration in the
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range from JuM to 100uM, Fig. 5B. The calibration curve followed the etjoa: Aj (LA cm’
%) = 1.33+0.54 [glucose]M, and the limit of detection was estimated to tB82M, which is
a better electrochemical performance than somehefnbost recent GOx biosensors for
glucose determination in the literature [29-33fitating advantages of preparing polymer

films in deep eutectic solvent.

The binding affinity of the immobilized enzyme G®uith its substrate (glucose), the Hill
constanth, was estimated from the slope of the plot of IBg.4) versus log [glucose]. The
Hill plot slope was 1.24; this value reflects povstcooperativity, h >1, [34] meaning a high
binding affinity of the immobilized enzyme (GOx) tiits substrate and indicates that the
reaction between enzyme and target analyte has adiishMenten type kinetics. The

Michaelis-Menten constant for GOx/PB&150/MWCNT/GCE was estimated to be [0d.

3.5 GOx/PBGpes150/MWCNT/GCE biosensor for inhibition measurements

3.5.1 Enzyme inhibition procedure

In order to evaluate the inhibition of the activity glucose oxidase (GOx), amperometric
measurements were made in 0.1 M PB solution (pH a@00.4 V vs. Ag/AgCl. After
stabilization of the baseline current, a choseage concentration was added and the steady
current recorded). Next, known concentrations of trace metal iomseradded to inhibit the
enzyme activity and the current was measurgd The decrease in current is proportional to
the concentration of inhibitor in solution. The @amtage of inhibition] %, is calculated

according to [35]:

1% =I°I_—11x100 1)

0
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3.5.2 Optimization of the biosensor for inhibition

For optimizing the enzyme inhibition procedure, #ifect of the loading of the immobilized

enzyme and the pH value of the electrolyte werduaed.

3.5.2.1 Influence of the enzyme loading

The influence of the amount of immobilized enzymaswinvestigated at a constant
concentration of BSA (30 mg ) and varying the concentration of GOx (5.0, 10.6.,0,
20.0, 25.0 and 30.0 mg ). immobilized on the optimized PBEs150/MWCNT/GCE
electrode support, as described in the experimeetdlon. The amperometric response to 0.5
mM glucose was tested for different enzyme loadiaigan applied potential of - 0.4 V vs.
Ag/AgCI. The total anodic change in current incemass the amount of GOx increases,
reaching a maximum for 25.0 mg MLGOx. For higher loadings, there is a decrease in
biosensor response, indicating that high conceabtstof enzyme compromise biosensor

response due to diffusion limitations.

The degree of inhibition for each enzyme loading &0 assessed by evaluating the GOx
activity in the presence of glucose by the addindr20 nM of each metal ion in individual
experiments. For all metals studied, the percentdgahibition increased with increase in
enzyme loading up to 20.0 mg mlabove which it remained the same. Therefore, 80

mL™ of the enzyme was chosen as optimum.

3.5.2.2 Influence of the pH

The enzyme biosensor response can depend sighificanthe pH of the solution. The effect
of the pH was investigated by comparing the sent#ts of the calibration curves obtained
from additions of each inhibitor at GOx/PB&150/MWCNT/GCE with 0.5 mM glucose as
enzyme substrate, see Table 1. Amperometric measuats were performed at pH values

between 6.0 and 8.0, at a fixed applied potenfiaD@ V vs. Ag/AgCl. The sensitivity to all
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trace metal ions increased from pH 6.0 to pH 7.0 ainpH 8.0 became lower again. This
trend in the GOXx response is the same as with@uptbsence 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 ionsthadactive site of GOx, in the mechanism
of reversible inhibition of Hg Cdf*, P¥* and, CY' was deduced from plots of the percentage
of inhibition versus inhibitor concentration, foramous substrate concentrations. The
traditional method requires both Dixon and CorriBsiwden plots to fully elucidate the type
of inhibition because Dixon plots for mixed and quetitive inhibition are similar and from
the Cornish-Bowden plot it is not possible to detiee the inhibition constant for competitive
inhibition [36,37]. In the new method [20], the edf of different substrate concentrations on
Iso (concentration of inhibitor necessary to inhibit%0of the initial response to the substrate)
is evaluated. Here, following preliminary experingerwith a wide range of glucose
concentrations starting from low values, three eomtrations: 0.25, 0.5 and 1.0 mM were

employed, as shown in Fig. 6.

For competitive inhibition, when the substrate @nrication increases, the value lgf also
increases, and the maximum inhibition decreaseserebd for H§" and Cd*, Fig. 6A and
6B. On the other hand, when the values lgf decrease with increasing substrate
concentration, and the maximum inhibition valueréases, the mechanism is uncompetitive
inhibition, as seen for Ph Fig. 6C. Finally, for mixed inhibition, Fig. 6Donly a slight
change inlso occurs, as happens with ‘€rFor comparison and verification purposes, the
mechanism of inhibition was also evaluated from tleeresponding Dixon and Cornish-

Bowden plots and the same conclusions regardingrteehanism of reversible inhibition
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were reached for all four ions (see plots in Sumgletary material Fig. S3). The mechanism

of inhibition for each metal ion agrees with theyported in the literature [13, 39-41].

3.5.3.2. Analytical determination of Hg?, Cd**, Pb** and Cr" ions

As seen above, the concentration of the enzymédrsitbseeds to be carefully chosen. Fig. 6,
that gives the response for 0.25, 0.5 and 1.0 mMage, shows that for 0.25 mM enzyme
substrate, after the first addition of inhibitorpra than 10 % inhibition occurs. On the other
hand, the maximum inhibition decreases with inae@sglucose concentration, except for
PK**. Hence, the intermediate concentration of 0.5 miwta@se was chosen as the best value

for inhibitor quantification.

Under these conditions, the trace metal ions wereterchined at the
GOx/PBGesl50/MWCNT/GCE biosensor, and the limit of detectiwas calculated based
on a signal-to-noise ratio of 3 (S/N=3). From Féd\, the linear range obtained for Hgvas
2.5-100 nM, with a LOD of 2.30 nM. For €d Fig. 6B, the linear concentration range was 10
-100 nM and the calculated LOD was 1.75 nM. Fig.sb@ws a linear response to’Pfsom

10 -120 nM presenting a LOD of 2.70 nM. Finallyr or"', Fig. 6D, the linear range was

from 2.5-60 nM with the LOD of 2.44 nM.

The enzyme inhibition constanK;j was estimated from the equations of the relakigns
betweenlspandK;, valid for all type of inhibition, as proposed Bynine et al. [20], Table 2.
Hg?*, Cd* and CY' show the smallest values ki, which indicates a greater binding affinity,
in agreement with the amount of these metal iorpressed bylio, necessary to inhibit
enzyme activity, demonstrating their higher toxiciOn the other hand, Pbpresented a

higher value oK, revealing its weaker inhibitor capability [38].
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The analytical performance of the novel GOx/RBEVMWCNT/GCE biosensor for detection
of these toxic trace metal ions by the enzyme itibiio strategy was compared with the most
relevant recent reports, Table 3. As can be sd®n,nbvel biosensor showed superior
electroanalytical performance to those found inliteeature with the lowest limit of detection
found until now. Furthermore, it does not requirey &kind of pre-treatment after each
measurement for restoring GOx activity such as insina of the electrodes in the buffer

and/or metal chelating agent (EDTA) solution fdog period of time.

The use of ethaline DES to form the PBG polymenfhad a significant influence on its
surface morphology, contributing to the improvemehthe electroanalytical properties of
PBG/MWCNT/GCE. The high sensitivity of the glucdsesensor and after immobilization
of enzyme, can be attributed to a high bindingn#ffi if the immobilized enzyme to the
polymer film. This, in turn, increased the senyivin detection of trace metal ions by
enzyme inhibition, for example compared with oueious studies on the same trace metal

ions at redox polymer modified electrodes formeddueous solution, e.g. [42].

3.5.3.3. Selectivity

Selectivity is a very important parameter in designbiosensors for application to real
samples. Potential interferent ions were tested,ctitions (A§, K*, Na', F&*, zr**, Ni**,
CU?*, and C8") and the anions (N SQ? and CI), (Supplementary material Fig. S4).
Inhibition at the GOx/PBg&:s150/MWCNT/GCE biosensor was tested in the preseh€eb
mM glucose at the previously optimised applied poé of —0.4 V vs. Ag/AgCl; the
concentration of the interferents was 200 nM. Mailsie corresponds to the maximum degree
of inhibition achieved by all the trace biotoxic taeons that are the object of this study. The
degree of inhibition observed with the interferehégl no significant influence of the initial

response of glucose, less than 10%, for the higkerdration of each interferent evaluated.
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3.5.3.4. Repeatability and stability

The repeatabilityof the GOx/PBG@esl50/MWCNT/GCE biosensor was investigated by
measuring the same concentration, 20 nM, of eadetmetal ion at ten different modified

electrodes prepared in the same way. The relat@relard deviations were less than 4.5 %.

The stability of the biosensor was monitored daily measuring the response of glucose,
during 20 days, after successive inhibition experita for all metal ions at the same modified
electrode. When not in use, the biosensors wertikdpffer (PB, pH 7.0) at 4 °C. After 20
days, the glucose response lost just 13 % of it&lirvalue. However, such a loss of the
enzyme activity does not compromise the use and efffiectiveness of the inhibition

biosensor.

3.5.3.5. Application

In order to demonstrate the feasibility of the biwsor for food monitoring, the determination
of trace metal ions in milk samples was carried lmuthe standard addition method. Milk
samples were spiked with known amounts off'Hd{Cd*, PF* and CV' ions, and the
recoveries were calculated, Table 4. The averagarapt recovery was in the range of 99.5 —
100.1 %, which indicates that the proposed bioseissefficient for practical applications

with an excellent level of reliability.

4. Conclusions

A GOx inhibition biosensor for trace metal ion d#ten based on poly (brilliant green) —
ethaline deep eutectic solvent/MWCNT has been odeeel for the first time. The deep
eutectic solvent ethaline permitted the formatidnpolymer nanostructured films with
superior sensing characteristics compared withsfiformed in agueous solution, and thence

the mediated glucose biosensor and enzyme inhbib@sensor. The mechanism of
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reversible inhibition was found to be competitive Hg'* and Cd*, uncompetitive for PH
and mixed for Cf'. The novel enzyme inhibition biosensor exhibitelifvdt of detection of
around 2 nM for all ions, with good selectivity ast@bility, significantly lower than those in
the literature. It was successfully applied to tetection of these trace metal ions in milk
samples with excellent recoveries, which augurs feelits use in environmental trace metal

ion monitoring.
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Tables

Table 1. Influence of the pH of the 0.1 M phospHaiffer supporting electrolyte solution on
the sensitivity of determination of different metabns, concentration 20 nM, at
PBGoesl 50/MWCNT/GCE biosensor by GOx inhibition in thepence of 0.5 mM glucose at
applied potential -0.4 V vs. Ag /AgCI.

Metal ion Sensitivity (A cm? nM™) Inhibition (%)

pH6.0 pH70 pHS8O0 pH60 PpH7.0 pHBS.O

Hg?* 0.98 1.26 0.78 16.5 24.2 14.9
Cd* 0.90 1.16 0.84 17.0 22.2 11.3
P 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
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Table 2. Parameters of inhibition obtained fromrilationship betweely

and inhibition constari;. Equations from [20].

Metal | Mechanism of Equation Ki/ nM l10/NM l50/NM
ion inhibition
- - Iso 1+ [S] 8.39 154 88.0
Hg Competitive K, K,
I S
28]
Cd* | Competitive K; K 7.08 18.0 74.1
. | Iso (. Kn
PK¥* | Uncompetitive] ——=(1+-—= 77.3 10.9 85.4
K; [S]
S
Vi Iso Y %
Cr Mixed —=2 25.2 6.3 45.9
Ki 2+
K.
m

l10 - Concentration necessary for 10 % inhibitionrofial response of the substrate
Iso - Concentration necessary for 50 % inhibitionrofial response of the substrate
Ki - Inhibition constant

Km- Michaelis-Menten constant of the enzyme withdwat presence of inhibitor

[S] — Enzyme substrate concentration
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Table 3. Comparison of performance of recent mediélectrode-based enzyme biosensors using enmyibdion
for trace metal ion determination

. - Mode of Applied potential Linear range Detection I -
Biosensor Inhibitor detection and pH / uM limit / nM Reactivation Inhibition type Ref.
Cd* +0.7V Vs, 4.0-26 4000 competitive
PPy-GOXx/Pt PE* Amperometry (Ag/AgCl), 16-7.7 1600 nl?la-zfo 25) mixed [13]
Hg** pH 7.0 0.48-3.3 480 non-competitive
-0.5Vvs. 1600
HRP/PNR/CFE ct Amperometry (Ag/AgCl), 0.05-0.35 i uncompetitive [39]
pH 6.0
cd* Zero current* 0.04-62 44 phosphate competitive
PPy-GOx/Pt prpt  Potentiometry VS-(Ag/QQOC')’ 0.10- 15 24 buffer 0.05 non-competitive [0
Ho?* pH 7. 0.025-5.0 25 M, (15 min)  non-competitive
+ 0.7 V vs. phosphate
GOx/PANI/Fc/Pt c¥ Amperometry (SCE), 0.49 - 95.73 9.0 buffer 0.05 * [41]
pH 2.55 M, (8 min)
Hg** 0.0025-0.100 2.30 competitive
PBGpesl 50- Cdf* Amperometry (—A %/‘L g/ els 0.010-0.080 ;¢ competitive |
MWCNT/GCE PE* pH7.0 0.010-0.120 2.70 - uncompetitive This work
cr 0.0025-0.060  2.44 mixed

PPy-GOx/Pt — glucose oxidase (GOXx) entrapped byppalole (PPy) modified platinum electrode; HRP/HFBRE - horseradish peroxidase (HRP) immobilizedpoty (neutral red) carbon film electrode;
Urease/PVF/Pt - urease immobilized in poly(vinyléeenium) film on Pt electrode; GOx/PANI/Fc/Pt ugbse oxidase (GOx) immobilized on polyaniline-deene film on platinum electrode; GOx/P&G
CNT/GCE - glucose oxidase (GOx) entrapped in plotilliant green)(PBG) electrodeposited on carbomatabes in the presence of the deep eutectic dodtkaline; * not specified.
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Table 4. Determination of trace metal ions in nsidtmples

Metal ion Added Expected Found Apparent Recovery
(nM ) (nM) (nM ) (%)
ng+ 20.0 20.0 19.9+ 0.2 99.5
Cdf* 20.0 20.0 20.2+0.1 100.1
PL’* 20.0 20.0 19.8+ 0.2 99.0
cr’ 20.0 20.0 19.8+0.2 99.0
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Figure captions

Fig 1. CVs recorded during electropolymerizatiorB& on MWCNT/GCE in ethaline + (0.5
M H,SO, + 10 % HO) at scan rates: (A) 50 mV*s(B) 100 mV §- (C) 150 mV &; (D) 200
mV s?; (E) electropolymerization of BG in aqueous Mcihe buffer solution pH 4.0 at 150

mV s™.
Fig 2. CVs of PBG/MWCNT/GCE in 0.1M PB solution (pHO) at 50 mV & (——)

PBGoesl50-MWCNT/GCE; £ — —) PBGes200-MWCNT/GCE; € O- O- (1 PBGoes100-

MWCNT/GCE; € - - - ) PBGeS0-MWCNT/GCE; (11T PBGagueousMWCNT/GCE.

Fig 3. SEM images on carbon film electrodes of (MWCNT; (B) PBG¢{MWCNT
(electropolymerized at 150 m\*§ (C) PBGinainG0/MWCNT; (D) PBGihaiind OO/MWCNT;

(E) PBGithaiind 50/MWCNT; (F) PBGinain?00/MWCNT.

Fig. 4. Dependence of the glucose response at @®/Riinel 50/MWCNT/GCE on applied

potential in 0.1 M PB solution (pH 7.0) in the prase of 10QuM glucose.

Fig 5 (A) Amperometric response of GOx/P&indl 50/MWCNT/GCE biosensor to glucose
in 0.1 M PB solution, pH 7.0; applied potential40/ vs. Ag/AgCI. (B) Calibration curve

obtained from injection of increasing concentratidrglucose (0 -15QM).

Fig 6. Plots for determination of the mechanisnnbibition of the trace metal ions in 0.1 M
PB solution (pH 7.0), according to [20], in the s#Bace of three different concentrations of

glucose at applied potential -0.4 V vs.Ag/AgCI.



29

15
1(A) 204 ®B)
10-
' 5 o |
g _ % 10
< od
<
S E o
~ _5_. \\
-10- 10+
-15-
] 204
'20 T T T T T T T T T T T T T
-1.0 0.5 0.0 05 1.0 15 -1.0 0.5 0.0 05 1.0 15
E/V vs. Ag/AgCI E/V vs. Ag/AgCI
30
07©) | (D)
20- 20+
'€ 10- 'E 10-
(&) | (&]
< < ]
= o- £ 0
10+ ~ ]
| -10
20- 1
)} 20
30- ]
T T T T T T T -30 T T T T T
-1.0 -0.5 0.0 0.5 1.0 15 1.0 0.5 0.0 0.5 1.0 15

E/V vs. Ag/AgCI

E/V vs. Ag/AgCI

15 ®

-1.0

T
-0.5

T
0.0

T
0.5 1.0 15

E |V vs. Ag/AQCI

Fig 1. CVs recorded during electropolymerizatioB& on MWCNT/GCE in ethaline + (0.5

M H,SO, + 10 % HO) at scan rates: (A) 50 mV*s(B) 100 mV §" (C) 150 mV & (D) 200
mV s*; (E) electropolymerization of BG in aqueous Mclhabuffer solution pH 4.0 at

150 mV §.
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Fig 2. CVs of PBG/MWCNT/GCE in 0.1M PB solution (D) at 50 mV's:
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Fig 3: SEM images on carbon film electrodes of lAVCNT; (B) PBG{/MWCNT
(electropolymerized at 150 mV*% (C) PBGihainSO/MWCNT; (D) PBGihaindd OO/MWCNT;
(E) PBGithaindd 50/MWCNT; (F) PBGihaiin 00/MWCNT.
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Fig. 4. Dependence of the glucose response at @®/Riinel 50/MWCNT/GCE on applied
potential in 0.1 M PB solution (pH 7.0) in the prase of 10QuM glucose.
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Fig 5 (A) Amperometric response of GOx/P&indl 50/MWCNT/GCE biosensor to glucose
in 0.1 M PB solution, pH 7.0; applied potentia4®. vs. Ag/AgCIl. (B) Calibration curve

obtained from injection of increasing concentrasioh glucose (0 -15QM).
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Fig 6. Plots for determination of the mechanisnmatfbition of the trace metal ions in 0.1 M
PB solution (pH 7.0), according to [20], in the g@ace of three different concentrations of

glucose at applied potential -0.4 V vs.Ag/AgCI.



Highlights

Novel electrochemical glucose oxidase (GOx) enzyme inhibition biosensor devel oped
GOx immobilised on poly(brilliant green) (PBG) films on carbon nanotube modified
electrodes

PBG films formed in acid-doped ethaline degp eutectic solvent and in agueous medium
PBG film morphology formed in sulfuric acid doped ethaline best for sensing

Nanomolar limit of detection for biotoxic trace metal ions achieved



