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Abstract

Laccase was immobilized on a glassy carbon eleetltagered with multi-walled carbon
nanotubes using a film of botryosphaeran, a fulifat3)(1—6)-3-D-glucan. This novel
biosensing platform was characterized by electnoote impedance spectroscopy and
scanning electron microscopy, and applied for thetemnination of dopamine.
Experimental variables such as enzyme concentratpih value and operational
parameters of the electroanalytical technique wepimized. Using square-wave
voltammetry, there was a linear dependence of pealent and dopamine concentration
within the range of 2.99 — 38.5 umal‘lwith a limit of detection of 0.127 pmol't The
biosensor was successfully applied in the determoimeof dopamine in pharmaceutical
injection and synthetic biological samples, andspneéed good selectivity even in the
presence of uric acid and ascorbic acid, as weldtlasr phenolic compounds. The different
aspects regarding the operational stability of thecase biosensor were evaluated,
demonstrating good intra-day and inter-day repé#yaband long-storage stability.
Furthermore, this biosensor was evaluated in tdeeaat determination of spironolactone
by using the analytical signal of dopamine, prasgné limit of detection of 0.94 pumol
L™%. The results obtained in the analysis of spiroctolae in commercial pharmaceutical

samples were satisfactory.

Keywords: Botryosphaeria rhodina MAMB-05, (1—3)(1—6)-B-D-glucan,

electrochemical biosensors, dopamine, indirectradetation, spironolactone.



1. I ntroduction

Natural polysaccharides have been extensively exglm the development of new
architectures of electrochemical biosensors. Caitoand carboxymethyl cellulose are
some of the most investigated polysaccharides Hisr purpose [1,2], considering their
remarkable characteristics that include biocompayipbiodegradability, ability to form
adherent thin films on traditional electrochemisaffaces, renewable, abundant in nature
and generally nontoxic [3,4].

The ascomyceteous funguBotryosphaeria rhodina MAMB-05 produces an
exopolysaccharide (EPS) named botryosphaeran {a3)(1—6)-B-D-glucan), when
cultivated by submerged fermentation on glucoseiumed5]. The chemical structure of
this EPS consists of a backbonefefl—3)-linked glucose residues to which are linked
glucose and diglucose (gentiobiose) residueyia—6) bonds with approximately 22%
side-branching through C-6 along the backbone cham attractive characteristic of
polysaccharides such as botryosphaeran is thatftheya film upon which enzymes can
assemble providing a matrix for maintaining enzystability. This feature provides a
favorable biochemical environment for the enzymed avas of interest to exploit to
immobilize laccase onto botryosphaeran for the psepof fabricating an electrochemical
transducer. Other polysaccharides have been usedHere laccase to electrochemical
transducers and facilitate electron transfer betvike enzyme and the electrode [6,7].

B. rhodina MAMB-05 also produces a laccase (EC 1.10.3.2) ttoitisely at low
enzyme titers, but can be induced to higher agtilevels by veratryl alcohol [8,9].
Laccases are glycoproteins that contain a clusteopper atoms at the enzyme’s active
centre, which are involved in shuttling electrom&iedox reactions involving the oxidation

of phenolic compounds in the reduced form, andrdutriction of molecular oxygen to



water [10]. Several electrochemical sensors andeigors are described in the literature
for the determination of dopamine with high sengii[11-18]. However, laccase-based
biosensors allow the direct determination of a droange of phenolic compounds in
complex matrices due to their sensitivity and delgg. Besides, they have advantages of
being low cost, simplicity of fabrication, rapidspponses and possibility of miniaturization
and potential ability for real-time and on-site lgsgs.

Carbon-based nanostructured materials, such as-walled carbon nanotubes
(MWCNTS), have been extensively applied to modictrode surfaces to construct new
architectures of biosensors [6,19]. They are watesd for transduction of electric signals
generated upon recognition of a biological respamsalting from a biochemical reaction
between the enzyme immobilized on the sensor sdiad the target analyte. The small
size of the MWCNTs enhances overall electrochenpeaiormance of the bulk electrode,
promoting a high transfer electronic signal betw#emnelectrode/solution interface, and so,
increases the sensitivity and lowers the detediioits. MWCNTSs are insoluble in water
or any of the common solvents. A wide variety o&tggies have been proposed to solve
these problems, including chemical oxidation wittoisg acids, which helps to eliminate
metallic impurities, removes the end-caps and amggenated functional groups to the
tube-ends and defective sites, facilitating theandiing, and may also offer special
opportunities for the adsorption of biological nmlkes [20,21].

Electrochemical biosensors containing laccase @mrbployed in indirect drug
determinations that refer to parallel reactions$ tda@ occur with the substrate or product of
the enzymatic reaction. Sartcei al. [22] determined sulfite in wine samples using a
voltammetric biosensor based on a crude preparaifopolyphenol oxidase from an
extract of sweet potatdpomoea batatas (L.) Lam.). In this case, sulfite, which is a

nucleophile, reacts witb-quinone leading to the formation ofquinone sulfite. Similarly,



Santhiago and Vieira [23] employed a carbon-paktetrede modified with laccase from
Aspergillus oryzae for the determination of cysteine. When cysteines wadded, thep-
benzoquinone formed in the enzymatic step readtemligh a nucleophilic 1,4-Michael
addition forming the corresponding thiol compourietom the foregoing examples,
biosensors appear as suitable alternative stratégigevelop simple and precise analytical
methods for the indirect determination of spiroctdae (used in the therapy of essential
hypertension, congestive heart failure, and liverhosis [24]). Previous studies have
described the direct electrochemical determinatibepironolactone employing mercury-
based electrodes [25-28]. These electrodes regpeeial care due to the toxicity of
mercury, reinforcing the importance of the develepin of alternative analytical
procedures that employ materials that are non-taxecsustainable.

With the foregoing in mind as our objective, we adpthe fabrication of a novel
voltammetric biosensing platform obtained by imntiabig a crude preparation of laccase
onto a glassy carbon electrode (GCE) modified wWMWCNTs and the EPS
botryosphaeran (denoted as laccase-EPS-MWCNTs/G@&)amine was chosen as the
phenolic compound to evaluate the performance isfribvel biosensing platform for its
determination in pharmaceutical and synthetic-preghéiological samples. The sensitivity
and selectivity towards the factors affecting thalgtical characteristics of this biosensor,
such as pH, buffer and enzyme activity is reporidte advantages and performance of
this novel biosensor are described and are compariase of similar biosensors reported
in the scientific literature. After establishingethest operating conditions of this biosensor,
this fabricated electrochemical device was usedviuate the indirect determination of

spironolactone in pharmaceutical samples.

2. Experimental



2.1. Reagentsand solutions

Dopamine, spironolactone and MWCNTs (20-30 nm amditer and 0.5-2.0 um in
length; purity: > 95%) were purchased from Sigma-Aldrich (St. Loui#Q, USA).
Ascorbic acid, uric acid, KFe(CN)] and N,N-dimethylformamide (DMF) were obtained
from Synth (Sdo Paulo, SP, Brazil). All reagentgevef analytical grade and used as
received. The MWCNTSs was purified before use with @iol L* HCI solution followed
by its functionalization by acid treatment usingn&ture of HNQ:H,SO, (3:1, v/v), as
described in the literature [20,29]. Commercial rpiceutical samples (pharmaceutical
injection-type dopamine, spironolactone tabletsjenmurchased from a local pharmacy in
the city of Londrina, Brazil.

All reagent solutions were prepared with ultra-ped water (resistivity greater
than 18 M2 cm) produced by a Milli-Q system (Millipote Milford, MA, USA).
Potassium phosphate buffer solution (PBS; 0.10 md) pH 6.0) was used as the
supporting electrolyte throughout the experimeAtstock solution of dopamine (10 mmol
L™) was freshly prepared in 0.10 mof'lPBS (pH 6.0) prior to use, while a stock solution
of spironolactone (10 mmolt) was prepared daily in 50% (v/v) ethanol and Grid L™
PBS (pH 6.0). Standard solutions of these analysre prepared from the stock solutions

by appropriate dilutions.

2.2.  Apparatus

Square-wave voltammetry (SWV) and electrochemiogbedance spectroscopy

(EIS) measurements used with the constructed sosemere performed on aRRA2



pAutoLab Type lllpotentiostat/galvanostat (Eco Chemie, The Nethddaoontrolled with
GPES software (www.ecochemie.nl). A conventionatehelectrode single-compartment
glass-cell assembly containing a biosensor as tir&img electrode, an Ag/AgCl (3.0 mol
L™ KCI) reference electrode, and a platinum platatwssliary electrode were used at room
temperature (25.0 £ 0.5 °C). A stirring time of 8&as used to homogenize the supporting
electrolyte containing the analytes in the eledtemical cell. The square-wave
voltammograms were baseline-corrected by the moawmgrage method (peak width:
0.001). The EIS experiments were performed withiaiange of 10 mHz to 100 kHz (10
points per decade) and with a 10 mV (r.m.s.) atupeation, for a solution of 1 mmort
K4[Fe(CN)] in 0.10 mol L* KCI.

Microscopy images were obtained with a field ensissgun/scanning electron
microscope (FEG/SEM), model JOEL FEG-SEM JSM 6330HOL, USA), operated at 5
kV. A cut disk from a glassy carbon was used taobthe different modifications, using
the same drop-coating method employed for elecenmital analysis, and dried under
ambient conditions.

Spectrophotometric determinations were carriedimwt 1 cm quartz cell using a
ThermoSpectronic UV-visible spectrophotometer, nh@@lenesys (Waltham, MA, USA)

coupled to a computer.

2.3.  Laccase immobilization on botryosphaeran and fabrication of the biosensor

A mass of 1.0 mg of MWCNTs was added to 1.0 mL &ifband subjected to

sonication for 60 min to give a stable black suspen A GCE (Tokai Carbon Co. Ltd.,

Japan, 3-mm diameter) was used as the base elecRodr to modification, the GCE was



carefully polished with 0.3 um alumina slurry opalishing cloth and then ultrasonically
cleaned with ultrapure water for three minutes, alfmived to dry at room temperature.

For the fabrication of the biosensor, laccase ad/bsphaeran were obtained from
B. rhodina MAMB-05 as previously described [5,30]. The bicsenwas prepared by first
dropping a suspension of 5 uL of MWCNTSs onto theanked surface of the GCE using a
micropipette and allowing this to dry at room temgtere for 2 h. This procedure was
repeated twice. Thereafter, botryosphaeran solyBdm 1g) and 0.14 units of the crude
laccase extract (CLE) were dropped simultaneousiy the surface of GCE modified with
MWCNTs and allowed to dry for 2 h at°€. Fig. 1 shows the schematic of the steps
involved in the preparation of the biosensor. Thastructed biosensor was stored in a

flask containing PBS (pH 6.0) at’€ (refrigerator) when not in use.
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Fig. 1. Schematic illustration of the different steps eoypd in the construction of the

biosensor.
2.4. Measurement procedures

The analytical curve for dopamine was constructgcdding small volumes of a
standard solution of this phenolic compound to earland dried electrochemical cell
containing 10 mL of PBS (pH 6.0), in which the ma&asnents were performed in

triplicate. Square-wave voltammograms were recolidesicanning the potential from 0.40
8



to 0.10 V after successive additions of dopamire [imit of detection (LOD) and limit of
quantification (LOQ) were calculated using the faten LOD = &/ M and LOQ = 18/
M, whereS is the standard deviation of three and ten measmts, respectively, of the
blank solution, and! is the slope of the analytical curve

The same scanning potential (0.40 to 0.10 V) wapleyed to construct the
analytical curve for spironolactone. For this pupoa first analytical signal ol was
measured relative to PBS (pH 6.0) containing 7.4®L " dopamine in the absence of
spironolactone. Then, a second analytical signalvéls generated, which was smaller than
lo, when spironolactone was added in the solutiorusTlhe addition of spironolactone
leads to a decrease in the base signal of dopamwimeh is proportional to the varied

concentration of spironolactone added.

25. Preparation of pharmaceutical and synthetic biological samples for the

determination of dopamine

To prepare the sample, pharmaceutical injectioe-typpamine (5.0 mg mt), a
volume of 307 pL of this sample was pipetted intbOamL volumetric flask containing
PBS (pH 6.0). Then an aliquot of 150 pL of the pred solution was transferred to the
electrochemical cell containing the supporting ttdgte, and the square-wave
voltammograms were obtained. For comparison, tlisipde was also analyzed, in
triplicate, by a spectrophotometric method, as meoended by the British Pharmacopoeia
[32].

Synthetic cerebrospinal fluid was prepared as de=strby Zhanget al. [33] and
Toledoet al. [34], and was used immediately after its preparato avoid any hydrolysis

of urea. A synthetic urine sample was preparedessribed by Laube, Mohr and Hesse



[35], and was also used immediately after its prago@n. An aliquot of 100 pL of each of
the biological samples was spiked with 3.98 and T.éhol L' of dopamine. The analyses
of these samples were performed using the standddition method, and SWV
experiments were conducted directly on these samplghout any pretreatment

procedures.

2.6. Preparation of pharmaceutical samples for the indirect determination of

spironolactone

The samples of spironolactone were prepared aswsil ten tablets of each
formulation were weighed and pulverized to a homneges fine powder using a pestle
and mortar. An accurate amount equivalent to ttaine tablet of each pharmaceutical
powdered sample was transferred into a 10 mL voldengask and PBS (pH 6.0) added.
Afterwards, 17 and 33 pL of these solutions weamdferred to the electrochemical cell
containing 10 mL of the supporting electrolyte and pmol L' of dopamine, and
quantified after successive additions of the smilactone stock solution, and the square-
wave voltammograms obtained. The concentration pifosolactone in each sample
solution was determined in triplicate by the staddaddition method. A reference
spectrophotometric method described by BraziliararPlacopoeia [36] was used to

compare the analytical results obtained for spil@ctone using the biosensor.

3. Results and discussion

3.1. Immobilization of laccase on modified GCE via botryosphaeran

10



Enzyme immobilization on a solid matrix is a kegtta in the preparation of a
biosensor, and efforts have concentrated on thealaver enzyme activity and stability,
which are important. Direct adsorption of enzyme®a solid surface may lead to a rapid
and simple immobilization procedure, retaining éimeyme’s specific biological function.

In this work, laccase was immobilized onto modifl@@E by physical adsorption
using the fungal EPS, botryosphaeran. At the same &s the EPS is adsorbed onto the
MWCNTSs film on the GCE surface, the EPS film adsotbe laccase maintaining the
native enzyme’s activity, without restricting aceés phenolic compounds at the enzyme’s
catalytic site.

The proposed mechanism for the immobilization otése onto botryosphaeran is
based upon non-covalent interactions, mainly thnohgdrogen bonding between the
hydroxyl and carboxyl groups of the enzyme and baydr groups in the structure of
botryosphaeran. In addition, carboxyl groups presethe functionalized MWCNTSs can
also interact through hydrogen bonding with therbysgll groups in the EPS resulting in an
adherent film on GCE with high stability. The pdsdsireason may be due to the good
biocompatibility and the stabilizing property prded by botryosphaeran. This EPS when
dried forms a film that is an attractive matrix #svzzyme immobilization, and consequently
an excellent material for the construction of nobe&sensor architectures. It is worth
mentioning that a homogeneous dispersion of MWCNTotryosphaeran was not
observed, thus botryosphaeran was added directtgetdMWCNTSs film formed on the

GCE surface.

3.2. Morphological and electrochemical characterization of the proposed biosensor

11



The characterization of the following fabricateceatiodes: GCE, EPS/GCE,
MWCNTs/GCE, EPS-MWCNTs/GCE and laccase-EPS-MWCNT&Gvas performed
by SEM analysis. As shown in Fig. 2B, the surfat¢he GCE modified with only EPS
film does not show a significant difference whempared to the GCE clear surface (Fig.
2A), indicating the formation of a transparent fiom the GCE surface. On the other hand,
Fig. 2C indicates that MWCNTSs were well distributaad the surface of the GCE. In Fig.
2D, a thin layer of EPS covered the MWCNTSs, whilg.R2E shows the proposed
biosensor morphology, with agglomerates of differgmes, indicating immobilization of

the laccase together with EPS on the surface of MVWSIGCE.

Fig. 2. Scanning Electron Microscope images of the susfadgA) GCE, (B) EPS/GCE,

(C) MWCNTS/GCE, (D) EPS-MWCNTS/GCE and (E) lacc&RS-MWCNTs/GCE.

The electrochemical characterization of GCE, EPHEPS-MWCNTs/GCE and

laccase-EPS-MWCNTs/GCE was performed based upoctr@eemical impedance

12



spectroscopy (EIS) using the well-known [Fe(gK)as a redox probe (Fig. 3). This study
was employed to evaluate the properties of theewdifft electrodes with respect to the
kinetics of electron transfer. Fig. 3 presents hhguist plot of the Randles impedance
(inset circuit) with the semicircle at higher fremeies corresponding to the charge transfer
resistanceRcr), and the straight line at an angle of 45° torted axis at lower frequencies
representing the diffusion process (mass transbatral). Differences in the electron-
transfer resistances were observed according teelgwtrode surface modification. The
addition of botryosphaeran caused a significantease iRRct (4.06 K2) compared to the
bare GCE Rcr 0.880 K2), since, in general, macromolecules can blockstiréace of the
electrode, hindering electronic transference initiveganic system ([Fe(CRf"). As can

be seen in Fig. 3, the modification of MWCNTs (EM®/CNTs/GCE), provided a
decrease in the semi-circle ratiRc{ 1.42 K2), suggesting that the nanomaterial increase
the electron-transfer rate on the electrochemigatesn, as expected. In addition, when
laccase (a protein) was deposited onto the modifedace of GCE (laccase-EPS-
MWCNTs/GCE), the resistance of the electrochemdmlice reached its highest value
(Rcr 14.8 ). This phenomenon can be attributed to the presehthe biocatalytic film
without charge, structured by botryosphaeran amtake, which introduces a high
resistance to electron-transfer and retards thesitin mechanism of the inorganic species

([Fe(CN)]*) to the surface of the electrode.

13
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Fig. 3. Electrochemical impedance spectra for GC&), (EPS/GCE A), EPS-

MWCNTSs/GCE (¥) and laccase-EPS-MWCNTs/GCHl)(in 0.10 mol C* KCI solution

containing 1.0 mmol T* [Fe(CN)]*". EIS conditions - open circuit mode, 10 mV

amplitude and frequency range of 10 mHz to 100 Khiet: Randles circuit model; & -

solution resistance, &® - charge transfer or polarization resistance, @fE — constant

phase element.

3.3.  Electrochemical response of the laccase biosensor to dopamine

Although the EPS exerted little influence on théase current of [Fe(CNJ*™, its
use significantly influenced dopamine, presentingiable and well-defined voltammetric
response. The performance of this novel biosenglatiorm was evaluated by choosing
dopamine as the typical model of a phenolic comgolins known that laccase catalyzes
the oxidation of dopamine to dopamine-quinone gwimary product while molecular

oxygen in solution is reduced to water [10]. Subeadly, thedopamine-quinone formed is

14



electrochemically reduced on the proposed biosesisdace at 0.23 V back to dopamine.
The peak current obtained in the electrochemicalicton of dopamine-quinone on the
proposed biosensor was directly proportional todtygamine concentration in the solution
and was used for the determination of this anatyteal samples.

Fig. 4 displays the square-wave voltammograms woéthiusing the electrodes
GCE, EPS/GCE, EPS-MWCNTs/GCE and laccase-EPS-MW@BHIE in PBS (pH 6.0)
in the presence of 39.8 pmol'ldopamine. As shown in Fig. 4, the electrode respdar
dopamine is slightly increased by EPS modificafjourve b) compared with GCE (curve
a). These results suggest that the presence ofpEdtBotes a pre-concentration of the
analyte on the electrode surface, possibly dueytisdgen interactions between hydroxyl
groups in the EPS structure and the amino grougneidopamine molecule. When GCE
was modified with functionalized MWCNTs and EPSr{&uc), an increase in the response
occurred due to the high electronic conductivityl dmgh surface area presented by the
nanomaterial. The presence of laccase on the etlec{curve d) caused an increase in the
peak current for dopamine, which was almost 81-foggher than that observed signal for
GCE alone. The difference between the analytiggiads was due to laccase acting as a
catalyst in the redox reaction occurring on thectetele surface combined with the
properties of MWCNTs and EPS.

Fig. 4 displays the square-wave voltammograms woéthiusing the electrodes
GCE, EPS/GCE, MWCNTs/GCE, EPS-MWCNTs/GCE and las¢R8S-MWCNTs/GCE
in PBS (pH 6.0) in the presence of 39.8 pmaot dopamine. As shown in Fig. 4, the
electrode response for dopamine is slightly ina@daby EPS modification (curve b)
compared with GCE (curve a). These results sugbasthe presence of EPS promotes a
pre-concentration of the analyte on the electroddase, possibly due to hydrogen

interactions between hydroxyl groups in the EP8cstire and the amino group of the

15



dopamine molecule. The analytical signal for dopamising MWCNTSs/GCE, in relation
to the unmodified GCE and EPS/GCE electrodes (suavend b), can be improved (curve
c). However, the surface of GCE modified with MWCN@&lone did not exhibit good
stability in relation to the other electrode mochtiions, and did not present good definition
of a peak for dopamine. When GCE was modified witictionalized MWCNTs and EPS
(curve d), an increase in the response occurredalthee high electronic conductivity and
high surface area presented by the nanomaterial pfésence of laccase on the electrode
(curve e) caused an increase in the peak currerttojpamine, which was almost 81-fold
higher than that observed signal for GCE alone. difierence between the analytical
signals was due to laccase acting as a catalyeinredox reaction occurring on the

electrode surface combined with the properties @{GNTs and EPS.
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Fig. 4. Square-wave voltammograms obtained using thereldwmical devices GCE (a),
EPS/GCE (b), MWCNTs/GCE (c), EPS-MWCNTs/GCE (d), danlaccase-
EPSMWCNTS/GCE (e) in PBS buffer (pH 6.0) containg®8umol L™ dopamine. SWV
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The stability of the laccase-EPS-MWCNTs/GCE biosenwas assessed with
regard to long-term storage. For this purposeeponse was monitored in 39.8 umot L
dopamine solution by repetitive measurements osegral days. After each measurement,
the biosensor was rinsed with water and stored &C 4n PBS (pH 6.0) in a closed
environment. From these experiments, we observadatiter 60 days (the longest period
tested) 86.2% of the initial cathodic current resg®was maintained, with stability being
retained for up to 200 measurements without lossaaivity. We conclude that the
excellent stability observed for the fabricatedctl®de system was attributable to the
effective protection of laccase bestowed by thetedde microenvironment, and that the
enzyme was firmly immobilized on the surface of mied GCE via EPS. Thus,
botryosphaeran provided a suitable matrix for laecammobilization and biosensor
fabrication, maintaining enzyme activity and promgtthe stability, and prolonging
lifetime of the biosensor.

In a previous study from this laboratory, we dent@ied that laccase frorB.
rhodina MAMB-05 fabricated on a nanostructured carbon blelectrochemical electrode
was successful in determining epinephrine by dffiéal pulse voltammetry, and

demonstrated this biosensor was a promising analygiatform for drug analysis [37].

34. Sdection of experimental conditions of the biosensor response to dopamine

Several parameters related to the fabrication afsdnsor and experimental
conditions of the proposed method were investigdtgdSWV. Initially, the effect of
laccase concentration in the biosensor preparatias investigated in the analytical
response for dopamine by using 0.08 U, 0.14 U ab@él O of enzyme. A higher analytical

signal (cathodic peak current) was found for 0.1éfUaccase immobilized on EPS. An

17



increase in the laccase concentration (as proteim)}cause agglomeration on the EPS film
formed on the modified GCE, reducing the numbeaative sites, and is accompanied by a
decrease of conductive surface on the biosens@eddapon these findings, 0.14 U of
laccase was optimal for the construction of furthiesensors for this platform.

The effect of the number of layers of deposited MWG (1 — 3) in the
development of this biosensor platform was inveséd. A higher analytical signal was
observed when two layers were employed, which pexbia relatively homogeneous film
on the GCE surface. The influence of pH of the RBfBe range 4.6 8.0 on the reduction
peak of dopamine was investigated for biosensgroreses. The pH of the medium affects
the ionizable groups of the enzyme structure, aHdvariation was found to strongly
influence the electrocatalytic response of thedmngsr. From the results shown in Fig. 5A,
the highest voltammetric response for dopamine negistered at pH 7.0. At pH 8.0, the
OH" binds to the T2/T3 sites of laccase, decreasmmgerizymatic activity [10,38], and
contributing to the eventual descent of the pH ifgoDue to better repeatability of the
analytical signals, a pH value of 6.0 was chosenfdaher biosensing experiments. In
addition, Fig. 5B shows the linear variation betwelee peak potential and the PBS pH
with a slope of -55.8 mV/pH {i= 0.995); a value closer to that expected for enbtén
system with two electrons and two protons involasddescribed in other studies reported

the literature [39,40].
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Fig. 5. (A) Square-wave voltammograms of the laccase-ER8BINTS/GCE biosensor for

0.10 mmol L* dopamine in PBS at different pH values: 4.0 tq @) Influence of pH on

the cathodic peak current (expressed as relatisgorse) and the peak potential (black

line) of the proposed biosensor. SWV conditionsentbe same as indicated in Fig. 4.

The SWV operating parameters of the biosensor vaése studied in order to

obtain a defined peak and a higher peak currenth®rdetermination of dopamine. The
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corresponding ranges investigated for these pammetered = 10 — 60 Hza = 10 — 100
mV and4Es = 1 — 3 mV. The optimum values observéd @0 Hz,a = 75 mV and4Es =

2 mV) were selected for all further voltammetridedeninations of dopamine. Under the
selected conditions, the analytical curve was i@®in PBS (pH 6.0).

The analytical curves were constructed from theltast cathodic peak current vs.
dopamine concentration. The response time of tlusebisor towards dopamine was
calculated as 2 s, indicating fast electrocatalgtiation of this phenolic compound by
laccase. The electrochemical reduction of dopamineene at the biosensor surface was
obtained at +0.23 V (Fig. 6). There was a linedatienship between current (LA) and
dopamine concentration ranging from 2.99 — 38.5 lumo (inset of Fig. 6), with the
following linear regression equatidpc (WA) = —1.6 + 0.639¢ (umol L™)] (r = 0.999);
wherelpc is the cathodic peak current anthe dopamine concentration, with a LOD and

LOQ of 0.127 pmol ! and 0.423 pmol T, respectively.

el pA

-25 0 10 20 30 40
Dopamine / umol L

0.1 02 03 04 05 06
E/V vs. Ag/AgCI

Fig. 6. Square-wave voltammograms obtained in PBS (pHu&i)g the proposed laccase-
EPS-MWCNTs/GCE biosensor at the following concertrs of dopamine: (b — h): 2.99

—38.5 pmol L. Inset: Corresponding analytical curve.
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The analytical performance of the proposed biosenss compared with that of
previously reported laccase-based biosensors fpardme determination as shown in
Table 1. The comparative data suggested excelEfdrmance of the proposed biosensor
in terms of a lower LOD with a broad linear range dmpamine concentrations and
comparable stability over the other biosensors ntedoin the scientific literature.
Moreover, the proposed biosensor has advantageseavieer literature described enzyme
sensors in that it was not necessary to use a-binkssg reagent to immobilize the
laccase, there was no leaching of enzyme from ib&ehsor during use, and the laccase
activity was unaffected by the external environmaune to the protective influence of the
microenvironment containing the EPS. The proposexsensor is thus an excellent

alternative for dopamine determination in real skasp

21



Table 1. Comparison of the proposed biosensor with resiudtse of other biosensors reported in the liteeator the determination of

dopamine.
Biosensor (reference) Technique Linear range (umol LY  LOD (umol LY Stability
AuNPs-PAH-laccase/CPE [41] SWV 0.49 - 23.0 0.260 95% after 60 days
laccase/SI/IMWCNTSs/SPE [17] DPV 1.30-85.5 0.420 86% after 30 days
laccase/(h-SIQPA)/GCE [15] Amperometry 0.99 -138.4 0.170 89% after 20 days
87% after 30 days (56% after 60
laccase-CDBA-rGO/SPE [16] DPV 0.10-70.0 0.0300
days)
0.50 — 13.0 and 47.0 —
Au-MPA-laccase/SAM [12] DPV a3 0.0290 97.3 — 96.5% after 7 days
MWCNT/PPy/laccase [13] DPV 0.50-4.75 0.140 90.4% after 30 days
laccase/SIGNPs-PA [14] Amperometry 0.99 — 103.1 0.260 80% after 40 days
laccase-EPS-MWCNTs/GCE (This
9 SWV 2.99 - 38.5 0.127 86.2% after 60 days
wor

DPV: differential pulse voltammetry; AuNPs: goldnugarticles; PAH: poly(allylamine hydrochloride)PE: carbon paste electrode;
Si: silica spheres; SPE: screen-printed electrbed®O,-PA: helical nanostructured silica-phytic acid; CABGO: -cyclodextrin and
benzaldehyde-reduced graphene oxide; MPA: mercegamic acid; SAM: self-assembled monolayers; Ppgtypyrrole; PA:

phytic acid.



Evaluation of the repeatability of the proposedsbitsor was performed by
measuring the cathodic peak current using SWV i BB 6.0) containing 14.8 pmolL
dopamine, and resulted in a relative standard tewi@dRSD) of 3.60 % for 10 successive
measurements on the same biosensor device. Thegmdemonstrated the viability of the
biosensor over repeated determinations. The repbtaf three independent fabricated
biosensors (laccase-EPS-MWCNTs/GCE) was also eealuay measuring the cathodic
peak current of 14.8 pmol tdopamine in PBS (pH 6.0) resulting in a RSD vaifid.30

% among the three biosensors, confirming thatékalts were highly reproducible.

3.5. Sdectivity and analytical application for the determination of dopamine

In order to assess the selectivity of the prop@selytical method, the influence of
some concomitant compounds on the biosensor respaese investigated. Phenolic
compounds such as acetaminophen, epinephrine, cgliaatechol and hydroquinone
were chosen. Other compounds such as ascorbia@adidrric acid were chosen from the
group of substances commonly found with dopamindiotogical samples, and which
present one of the main interference problemsenetbctrochemical determination of this
phenolic compound in this sample types. The sefégtivas thus evaluated by the addition
of these possible interfering compounds in a stahdalution containing 19.6 pmolt
dopamine, in the concentration ratios (standardtswl: interfering chemicals) of 1:1 and
1:10, and 1:1000 (standard solution: ascorbic aei)l the current signals obtained under
these conditions compared with those arising fréva $tandard solution using SWV
measurements (data not shown). From the resultsinglol, the phenolic compounds
investigated displayed peak potentials of similalues to those obtained for dopamine,

which suggests that the laccase-EPS-MWCNTs/GCEebsms was not specific, but



selective. In addition, no significant changes weisserved in the peak current of

dopamine in the presence of uric acid, indicatihgt tit does not present significant

interference (< 1.0%) in determining dopamine. Adaag to the literature, ascorbic acid

can chemically reduce dopamine-quinone to dopanand, consequently decreases the
cathodic peak current [42]. Ascorbic acid can, have be eliminated by treating the

sample solution with cucumber extraGuumis sativus L.), and under such conditions the

biosensor can be used for dopamine determinatiaimnénpresence of these compounds
without significant interference in the analytisggnal produced.

To verify the applicability of the proposed biosen&r dopamine determination in
real samples, pharmaceutical, synthetic urine aymthstic cerebrospinal fluid were
employed in these experiments. Dopamine conceotrati a commercial pharmaceutical
injection sample (5.0 mg mt) was determined by the proposed biosensor, and was
compared to that determined spectrophotometri¢ay. The analyses were performed in
triplicate, and the dopamine concentration founds wed2 + 0.02 mg mt using the
proposed biosensor, and 4.88 + 0.03 mghily the spectrophotometric procedure. The
recovery obtained for dopamine in the analyzedmphaeutical sample was around 101 %,
indicating that there was no matrix interference determining dopamine in the
pharmaceutical sample.

The proposed biosensor was also used for detergnidopamine in synthetic
samples of urine and cerebrospinal fluid using stendard addition method (Table 2).
Two different dopamine concentrations (3.98 and! Tuénol L) were spiked in each of
the samples. As can be seen, the proposed biosexisiited adequate recoveries; thus,
one may conclude that this method is potentiallyliapble for dopamine determination in

biological samples, without any significant effeafanatrix interference.
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Table 2. Determination of dopamine in synthetic samplesraie and cerebrospinal fluid

by the proposed biosensor.

Samples Dopamine concentration (umol L) Recovery
Added Found (%)
Urine
1 3.98 3.89+ 0.04 97.7
2 7.94 7.99% 0.02 101

Cerebrospinal fluid

1 3.98 4.05+ 0.05 102

2 7.94 7.87+ 0.07 99.1

3.6. Application of the proposed biosensor for the indirect determination of

spironolactone

After fabrication and optimization of the proposeidsensor using dopamine as
analyte, the device was used to develop an analytinethod for determining
spironolactone in commercial pharmaceutical sampteshis study, we observed that in
the presence of spironolactone, the cathodic peakemt of dopamine decreased
proportionally with an increase in spironolactomaaentration. This finding therefore led
to the idea of developing an indirect method to snea spironolactone.

Fig. 7 illustrates the schematic of the reactiotwen dopamine-quinone (laccase-
catalyzed oxidized product from dopamine) and smlactone occurring on the biosensor
surface. Firstly, dopamine (compoufylis enzymatically oxidized to dopamine-quinone

(2) by the biosensor. In the next step, nucleophifiack between the primary amine group
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on dopamine-quinone and the carbonyl group bondelde sulfur atom of spironolactone
(3) can occur when the latter is added to the saluiinthe electrochemical cell of the
biosensor, and consequently an imifei¢ formed. The blocking of cycling of dopamine-
quinone to dopamine cannot occur, and a decreasatbodic peak current was
consequently observed that was proportional to rasrease in the concentration of

spironolactone.

>4 Y

. a0
P

HO NH o NH ¢ 3
ﬁA/ ?  Laccase D/\‘/ ? (3) osA\
o™ 0
(1) (2

Fig. 7. Schematic of the laccase-catalyzed oxidation padane () to dopamine-quinone

(4)

(2) on the biosensor surface, and its subsequentioragith spironolactone3dj to form

the imine &).

Spironolactone at concentrations of 3.0, 7.4 a8dudnol L were selected based
upon the dopamine analytical curve (Fig. 8), argllted in better analytical responses
(sensitivity and linearity) at a dopamine concetitraof 7.40 pmol L. When the current
reached a steady-state after the addition of 7@l L™* dopamine to PBS (pH 6.0),
square-wave voltammograms were recorded in theepecesof various concentrations of
spironolactone. We found that the cathodic curpgedk for dopamine decreased with
increasing concentrations of spironolactone as shiowFig. 8. The inset (Fig. 8) depicts
the respective analytical curve obtained for smitactone concentrations within the range
2.97 to 28.9 umol T, for which the corresponding regression equatias:w

—Ipc (MA) =—0.014 + 0.032d (umol L] (r? = 0.995),

26



wherelpc is the cathodic peak current amthe spironolactone concentration. The LOD
value was 0.94 umol T This analytical curve was used for the deternimatof
spironolactone in pharmaceutical samples at diftetleses.

The result of the analytical determination of spoltactone by the proposed method
showed a low LOD, allowing the method to be applésdn alternative to other analytical
procedures described in the literature for thisppse (Table 3). These techniques,
however, suffer from some disadvantages, such gk Itiost of acquisition and
maintenance, derivatizing preparations, extractiot pre-concentration steps, and also the
use of toxic components such as mercury and orgsolieents (methanol, acetonitrile,
hexane) that are expensive. Altogether, these rfesmttnake the other analytical methods
less attractive as they involve lengthy proceduned are relatively not environmentally
friendly compared to our proposed biosensing devidee proposed biosensor showed
excellent performance for spironolactone deternonatwith simplicity of use, stability,
rather rapid analysis times and the use a minimauat of ethanol for sample/analyte

dissolution.
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Fig. 8. Square-wave voltammograms obtained by the laccRS&EMWCNTS/GCE
biosensor using a dopamine concentration of 7.46!jLnt at increasing concentrations of
spironolactone. Curves: (a) 0 (control), (b) 2.@),4.94, (d) 9.83, (e) 14.7, (f) 19.5, (9)

24.2 and (h) 28.9 pmolLin PBS (pH 6.0)Inset: analytical curve for spironolactone.
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Table 3. Comparison of the analytical parameters of th@@sed biosensor with other methods for the detextiaim of spironolactone

) ) Linear range LOD
Analytical technique 1 1 Reference
(umol L) (umol L)
HPLC — Photolysis — Electrochemical detection 2.40 x 10* - 12.0 x 10 3.60 x 10° [43]
0.015 - 0.960 and
HPLC — Solid-phase extraction — UV detection - [44]
0.075-4.80

HPLC — Mass Spectrometry detection 0.0066 — 0.440 - [45]
UV — Derivative Spectrophotometry 12.0-84.0 — 1146
Fluorescence — CdSe quantum dots 6.00 — 1680 0.480 [47]
Polarography — Dropping mercury working electrode .502- 100 0.100 [25]
DPCSV — Hanging mercury drop electrode 1x20* — 0.960 1.106¢< 10° [27]
DPAdSV - Silver based mercury film electrode 0.0358000 0.00470 [26]
SWYV — Biosensor (indirect determination) 2.97 - 28.9 0.94 This work

HPLC: High Performance Liquid Chromatography; DPCSNfferential pulse cathodic stripping voltammetiyPAdSV: differential pulse

adsorptive stripping voltammetry.



Table 4 presents the values of amounts of spircturl@ determined in
pharmaceutical samples employing the proposed fsose and is compared with a
reference spectrophotometric method [36]. Threerdehations were carried out for each
sample, and the standard deviations were calcul&&aghown in Table 4, no significant
differences were observed between the spironolactooncentration found in the
pharmaceutical samples employing the SWV and thectsgphotometric method.
Applying the pairedi-test [48] to the data obtained for both methotlg, ¢alculated
values (2.38) were smaller than the critical vgu80,a = 0.05). From this we conclude
that the results obtained with the proposed proeedte not statistically different from the
comparative method used at the 95.0 % confideneel.leThe advantage of the
electrochemical method is that less time is consuth&ing analysis, and that the solid

suspension of the sample has no influence on thlyss.

Table 4. Indirect determination of spironolactone in phacmaical samples by the SWV

method employing the proposed biosensor and compara spectrophotometric method.

Spironolactone (mg/tablet)
Relativeerror P

Sample L abeled Spectrophotometric SWV %)
amount method ® method 2
A 25.0 254+ 04 26.5+ 0.2 4.30
B 25.0 25.6+ 0.3 259+04 1.20
C 50.0 52.3+ 0.6 51.9+0.8 -0.760

2 Average of 3 measurementf. Relative error (%) = 100 x (SWV method —

spectrophotometric method / spectrophotometric owth



4. Conclusion

The proposed laccase-EPS-MWCNTs/GCE biosensor arastracted with laccase
immobilized on botryosphaeran on GCE modified WwtiWCNTs. This novel biosensing
platform was successfully applied to the quantifaaof dopamine in pharmaceutical and
biological samples. The good analytical performapcesented by this biosensor for
dopamine (sensitivity, selectivity, rapid resporisee and stability) demonstrated that
botryosphaeran was an efficient matrix for the irbitipation of laccase, presenting a
biocompatible microenvironment without affecting zgmatic activity, and without
enzyme leaching from the fabricated sensing dewiecen in solution. The results further
proved that the proposed immobilization method eféective, and it was not necessary to
cross-link enzyme to support, showing advantagestie fabrication of this kind of
biosensor. In addition, an indirect method was tigedl for measuring spironolactone. In
this case, spironolactone can react with the dopewguinone product formed from the
laccase-catalyzed oxidation of dopamine on theasarbf the biosensor thereby blocking
the electrochemical reduction of the oxidized qumoto dopamine. Spironolactone
successfully decreased the cathodic current pdalwiaf this drug to be quantified in
commercial pharmaceutical products. The resultsHerquantification of dopamine and
spironolactone in pharmaceuticals were in agreemesith those obtained by
spectrophotometric methods [32,36]. Furthermores fhvoposed biosensor displayed
excellent analytical performance for phenolic coomis in a rapid, simple to operate,

recyclable, and cost-effective manner.
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HIGHLIGHTS

- Botryosphaeran was used as laccase protector for biosensor development.

- A novel biosensor platform was developed using GCE modified with

MWCNTSs.

- Dopamine was determined in pharmaceutical injection and synthetic biological

samples.

- Spironolactone was indirectly determined in pharmaceuticals using the

laccase biosensor.



