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Abstract

Glassy carbon electrodes (GC) were modified witltimalled carbon nanotubes
(MWCNT/GC) and electrochemically treated first ppeying an oxidation potential and
then a reduction potential. The resulting electsodere characterized via scanning electron
microscopy, Raman spectroscopy, energy disperpeet®scopy, and electrochemical
techniques, particularly cyclic voltammetry usihg redox probes Fe(CN)*and
Ru(NHs)?*?*and electrochemical impedance spectroscopy usi@\NJe ™. These

modified electrodes showed an electrochemical detation selective for dopamine (DA)
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and serotonin (5HT) in the presence of ascorbid @A) and uric acid (UA),
simultaneously measured, with a high reproducib(in RSD of 1.7% for DA and 1.6%

for 5HT) and a limit of detection (LOD) of 235 nmiof for DA and 460 nmol L for 5HT.
The GC electrodes modified with oxidized MWCNT, sequently reduced, showed higher
selectivity towards the oxidation of DA and 5HT quaned with GC bare electrodes or

modified with MWCNT or oxidized MWCNT.

Keywords: multiwalled carbon nanotubes; electrochemical tnegit; hybrid film;

dopamine; serotonin
1. Introduction

The production of electrodes for electrochemicalcks require certain characteristics
such as high electrical conductivity, mechanica elnemical stability, large surface area
and a reasonable cost of their mass productioncéiearbon nanotubes and graphene are
some of the carbon allotropes most intensively@neal in materials science for disposable

electrodes development for the determination ofrfoiecules [1-3].

Graphene is a single atom thick, a 2D sheet dhgpridized carbon atoms (double-
bonded), densely packed in a honeycomb crystaddatDue to its structure, graphene has
all of its atoms on the surface, which gives ieanellent biosensing potential in the

nanoscale [4].

The most important property of graphene is its ksoeelectrical conductivity;
electronically, graphene is a semiconductor witto Zandgap [5,6]. Any modification in

the crystal lattice will alter the graphene banddure. Particularly, a variation of the



hybridization state of carbon atoms [7], other a&@@nmolecules incorporated in the
lattice, and/or defects on graphene [8] can diyanfluence in the electrical properties of
graphene. Similarly, the introduction of strong edtates and quantum confinement via

structural constraints (nanoribbons, quantum d@epmesh) will have the same effect [9].

The methods currently in use to obtain near-pedeggphene sheets are expensive and/or
time consuming. To overcome these difficultiespenber of methods such as the one
proposed by Hummer and its modifications have lveparted and involve less time and
effort [10]. Several of these methods involve first an oxidasitap, followed by a
reduction step, to provide a better yield of maileat the cost of lattice imperfections;
hence, the materials as obtained are referredrapligne-like”. The oxidation step is
absolutely necessary, since it provides individagrs of graphene oxide (GO) that will

turn into graphene after reduction [11].

Conductivity of GO depends on the extent of oximfatiDuring oxidation treatment the’sp
carbons are being continuously modified, with oxyfenctionalities, to shcarbons. The
reduction of this GO partially restores thé bgbridization, improving the conductive
behaviour and yielding a graphene-like material (&drbon nanotubes present the structure
of a sheet of graphene rolled into a well-ordetdzet Hence, an alternative way to obtain a

graphene-like material consists of unzipping a canbanotube.

One of the more successful approaches to convdrdicaanotubes (CNTSs) into graphene
nanoribbons (GNR) is Kosynkin/Tour’s longitudinakipping, using a mixture of
potassium permanganate and concentrated sulfuddX®j. However, this method has

several problems, primarily related to the usetiingy oxidizing agents that will create



defect sites which could hamper the electronic eriogs of graphene and diminish electron
mobility and conductivity, along with waste dispbsanditions and the possibility of

evolution of explosive gases [13].

Shinde et al. (2011) have reported an electroch@rapproach to transform MWCNTS to
reduced GNRs (rGNRs) under ambient conditions siyipy experimental and waste
disposal conditions [14]. This approach has nohhesed, to our knowledge, in the design
of electrochemical sensors for the determinatiodagfamine (DA) and serotonin (5HT),
and seemed a good choice given the mechanicallemdical stability of rGNR, the low-

cost production of the modified electrodes andrttaege surface area.

Electrochemical determination of DA and 5HT is oéaf interest for identification of
cognitive dysfunctions in neurological diseaseshiaagdepression, Parkinson, epilepsy,
squizofrenia, or senile dementia as early as plesgitminimize the deleterious effects and
production losses by young disabled population1&b-The ability to monitor
physiological changes in levels of DA and 5HT coailsb benefit the design of better

therapeutics and the evaluation of their efficamyards those neurological disorders.

Due to the redox behaviour of DA and 5HT, the etexdiiemical methods are suitable for
their analytical determinations. However, thereeeetroactive interferences for
electrochemical measurements such as ascorbi¢A#)dand uric acid (UA) that present
an overlapping of their anodic peak potentialsween 0.2 and 0.35 V, with a paste carbon

electrode [19-23].

DA, UA and AA have been simultaneously determinsithg electrodes modified with:

graphene oxide electrochemically reduced [24]tipesgraphene [25], reduced graphene
4



oxide with Pt nanoparticles [23], or GO-porphyrlaatrochemically reduced [17]. There
are few reports in literature about simultaneousmenation of DA, 5HT and AA [26].
There are works that determine DA, AA, UA, and toghan simultaneously [27-29]
nonetheless, it is still an issue the determinatioRA and 5HT simultaneously in the
presence of UA and AA using only carbon-based mldet. A recent work has determined
DA with a high sensibility (1nM) even though inshwork DA is measured in different

concentrations only in presence of AA [30].

In this work we report the fabrication and chareetgion of modified electrodes
MWCNT/GC electrochemically treated, based on th&r@gch presented by Shinde et al. to
produce rGNR [14], and its application to the sit@néous determination of DA and 5HT

in the presence of AA and UA.

The physicochemical properties of the fabricatetsees were studied by scanning electron
microscopy (SEM), Raman spectroscopy, energy disgeX-ray spectroscopy (EDS), and
their electrochemical performance was studied lmjicyoltammetry (CV) and
electrochemical impedance spectroscopy (EIS). ®etectrochemical characterization,
we used the inner-sphere redox probe Fe {&&and the outer-sphere redox probe
Ru(NHs)s 2**. Electrode kinetic parameters have been deterntigetle Tafel equation in
order to prove theoretically the obtained resultthe CV and DPV studies (calibration

curves with the four compounds).

Based on these characterizations, the obtainet@les were called ROMWCNT/GC,

rather than rGNR/GC, because they present a hfibridof MWCNT fused and unzipped



near the GC electrode surface. In the interfacetrelée/solution of the electrodes, we

could see MWCNT similar to those present in thetebeles without treatment.

To our best knowledge this is the first time thagagbon electrode with graphene-like
characteristics (ROMWCNT/GC) exhibited excellerottochemical performance with
good reproducibility for the determination of DAcRBHT. The results obtained clearly
show that the electrochemical treatment of MWCNT/@L oxidation and then a
reduction) improves the selective determinatioDAfand 5HT in presence of UA and

AA.
2. Experimental
2.1. Reagents and instrumentation

Potassium phosphate monobasic ¢§RB), potassium phosphate dibasigk#Qy),
potassium ferrocyanide/ferricyanide (Fe(GXf}), potassium chloride (KCI), potassium
sulphate (KSQy), sodium sulphate (N&80Qy), sulfuric acid (HSQy), absolute ethanol, L-

ascorbic acid, and uric acid of analytical gradeenesed as received.

MWCNTSs (> 98% carbon basis, 10 nm outer diameté&rn#é inner diameter and 3.8n
lenght), DA (3-hydroxytyramine hydrochloride) anldb (5-hidroxytryptamine
hydrochloride) and hexaammine-ruthenium (Ill) cider([Ru(NH)e]Cls) (96%) were

obtained from Sigma Aldrich.

Phosphate buffered saline solution (PBS) was pegpasing KHPO, and KHPO, (0.1

mol L™, pH = 7.0) with KCI 0.1 mol & in milliQ water.



All the electrochemical measurements were made avitandard three-electrode system. A
GC bare electrode (Structure Probe, Inc. PA, USAmodified with MWCNT, oMWCNT
or ROMWCNT, were assayed as working electrode. foiPtvas used as counterelectrode.

Two different reference electrodes were used, eAlgeAg,SOysa0r AQ/AGClas

Electrochemical measurements were performed at teoiperature (ca. 25 °C) in
solutions deoxygenated with,High purity (Q content < 0.01 ppm) for 40 min. Solutions

were used freshly prepared in Milli-Q water.

Electrochemical measurements were done using atiitat/Galvanostat/ZRA (Series G

300™ and Interface 1000 from Gamry Instruments Inc. Miaster, USA).

Sonications were made using an ultrasonic bathef@afmer Instrument Company, LLC.

IL, USA).

Scanning electron microscope (SEM) images wererdedoon a SEM Carl Zeiss NTS

SUPRA 40 (Carl Zeiss NTS GmbH, Oberkochen, Germany)

An Apollo X EDAX spectrophotometer (AMETEK, NJ, U$#&vas used for EDS
measurements. Samples were bombarded with 25 k#@hs and the measuring time was

50 s.

Raman measurements were performed in a Confoc#@b&ldobin Yvon Dilor XY 800
(HORIBA, Ltd. Tokyo, Japan). A 514 nm line of a tiomous wave Ar laser (13 mW) was

used by means of a 100x working distance objective.

2.2. Electrochemical oxidation and reduction of MWCNT/GC in H>S0, 0.5 mol Lt



The GC electrodes (1 mm diameter) were pretreated polishing with alumina powder
on a wet cloth (0.gim), obtaining a mirror-like surface, and then wakhéh copious
amounts of water. Afterwards the electrodes wengcated for 5 min in milli-Q water and
5 min in ethanol and finally dried 15 min at 50 Cdispersion of MWCNT (0.5 mg mt
of MWCNTSs in absolute ethanol) was sonicated fdd fifin. SuL of the dispersion was

deposited onto a pretreated GC electrode, followedrying at 50 °C.

MWCNT/GC were treated first by applying a fixed daiion potential of +0.72 V for 6 h
in 0.5 mol L* H,SO, continuously deoxygenated with, b obtain oOMWCNT/GC. In the
second step of the electrochemical treatment oMWIGITTwas treated by applying a fixed
reduction potential of -0.75 V for 6 h in 0.5 mof H,SO, continuously deoxygenated with

N, to obtain ROMWCNT/GC.

CVs, performed in 0.5 mol't H,SO, at a scan rate of 100 mV*,swere made to study the
modifications of the electrodes after 1, 2, 3, ,4artd 6 hours of applying the oxidation
potential, between 0.1 and 1 V. Similarly, afteBland 5 h of applying the reduction

potential, CVs were also performed, this time betwe.8 and 0 V.

An Ag/Ag,SOysatwas used as reference electrode for these elbetracal treatments of
MWCNT/GC in LSO, to avoid the presence of @hat may interfere in modified

electrodes [31].

2.3. Electrochemical characterization of the €lectrodes



The electrochemical characterization of the GC, MIW6/GC, oMWCNT/GC and
RoOMWCNT/GC electrodes was made through CV and Et8riiques using a Ag/Ag&i

RE.

Electrochemical surface areas (ECSA) were calailageCV of 5 mmol [ Fe(CN)* in 1
mol L'* KCI and performed by scanning the potential betw®e3 and 0.7 with a scan rate
of 50 mV §'. CV were also performed in KCI 0.1 mof lcontaining 1 mmol & Ru

(NHs)s>""** scanning the potential between -0.5 and 0.2 V wisisan rate of 50 mV's

3-/4-

CV measurements were performed in PBS containimg®! L Fe(CN}; scanning the

potential between -0.3 and 0.7 VV with a scan r&a&0anV st.

Electrochemical impedance spectroscopy (EIS) measemts were performed to a 5 mmol

L™ Fe(CN)*"* in PBS at 5 mY{c, 0.24 \i,c, between 0.1 to £Hz, and 10 points/decade.
2.4. CV and DPV measurements of 5HT, AA, DA, and UA

Different concentrations of 5HT, AA, DA and UA wepeepared in PBS. CVs were
performed scanning the potential at a scan raf®ohV s*. DPV were performed scanning
the potential with a pulse size of 50 mV, step siz6 mV, sample period of 0.35 s and

pulse time of 0.05 s. CV and DPV were made usiAg/&AgClsa RE.

Graphical models of DA, 5HT, UA and AA that appeiarthe graphical abstract were

made using Avogadro 1.2 [32]
3. Results and Discussion

3.1. SEM characterization



It can be seen in Fig. 1 SEM images of GC modiékettrodes with MWCNT, oMWCNT,
and ROMWCNT. In oMWCNT/GC and ROMWCNT/GC a meshuatrix made with fused
nanotubes and partially unzipped nanotubes caedre (fused nanotubes circled in black

and unzipped nanotubes circled in white).

In Fig.1d it can be seen a ROMWCNT/GC with a highgity of MWCNTSs with no
differences to those MWCNTSs without treatment (ig. Aa can be seen MWCNT/GC),
and a little zone (squared in black) with appasefitted nanotubes in an inner layer. The
zoom made in the squared region show clear diftm®im the morphology of the
nanotubes near the GC surface (Figs. 1e andhaslto be noted that the dispersion of
MWCNT used to prepare the modified electrodes prteskenanotubes without fusion and

or unzipping, as those observed in the MWCNT/GCtabeles.

If we compare Fig. 1a with Figs. 1b and c it carseen fused (circled in black) and
unzipped nanotubes (circled in white) in MWCNT/Giathe electrochemical oxidation
treatment. We can also see a significant differem¢lee width of the isolated nanotubes
between oOMWCNT/GC (Fig. 1¢) and ROMWCNT/GC (Fig). Ithe width of the CNT

varies with oxygen content (present here as suftataionalities) then, the nanotubes in
oMWCNT/GC will have wider diameters than their redd counterparts (as in, surface
functionalities free). In fact, the loss of widthtbhe nanotubes after the reduction treatment

is used by some authors as criteria for effectgriction [33].

Nanotubes fused and unzipped can be clearly seegions where a less concentration of
MWCNT treated is present, nearby the GC surfacedghet al. [14] did not mentioned the

fusion between nanotubes, but it should be notatthie nanotubes used in this work are
10



smaller than those used by Shinde (we used MWCNIDofm diameter and Shinde has
used MWCNT of approximately 100 nm diameter). Thist can be explained as follows:
since the oxidation potential applied may leadrtar@rease of local temperature in some
MWCNTSs [34] and keeping in mind that this fact i®lpably magnified by the relatively
large surface area of the MWCNTSs, these combinetdifa probably lead to the fusion

between nanotubes (apart from the unzipping) eaGIC surface.

Thus, our modified electrodes present an innerrlayth nanotubes fused and unzipped

near the GC electrode surface, and an outer layeWCNTs mostly (Fig. 1d).
3.2. Raman spectroscopy analysis

Raman spectroscopy is a powerful tool and a notrudgs/e technique to distinguish
between different types of ordered and disorderetiing environments of §@nd sp. In
our electrodes, Raman spectroscopy revealed thatathsity of defects increased from
MWCNT/GC to ROMWCNT/GC after the electrochemica&dtments (oxidation and

reduction) as shown in Fig. 2.

The intensity of the defects @pelated peak at 1350 ¢hfpeak D) vs. the intensity of the
peak related to $phybridization (characteristics of graphitic-likeatarials) at 1560 cth
(peak G) is a common tool among carbon based rapectra to determine the graphene
character. The ratigll increased from 1 to 1.3 after the electrochenuogadation of
MWCNT. The concomitant electrochemical reductioogass lowers that ratio down to 1.2

for the ROMWCNT/GC electrode.

11



The ratio b/l increased upon oxidation of the MWCNT/GC owindhe unzipping of the
carbon nanotubes, which generated a massive nushbefects (increasing peak D)
coupled with the oxygen functionalization, whictcaEases peak G due to the loss of

graphitic characteristics.

It should be noted that the two processes areewsssarily coupled, nor the variations of
the peaks are proportional [35], hence the decrieasel.3 to 1.2 during reduction is an
important criterion for the restitution of sfeatures (there are evidences that graphene-like
materials could have strong peaks D even afteotigir reduction, since many defects do

not disappear under reducing conditions) [33].

Additionally, despite the importance of the ratidl¢ as a diagnostic tool, it must be kept in
mind that the sharp peak 2D at 2700'asionly present in graphitic materials and is, at
least, also a proof of graphene-like features [Bbhur case, peak 2D increases its intensity
going from MWCNT to either their oxidized or reddd®rms, which is a strong sign of
graphitization, in very good agreement with themted transformation to a graphene-like
material. Thus, despite the semiconductive natticeiomodified electrodes,
RoOMWCNT/GC would be expected to be more condudtiae oMWCNT/GC, based on

the lower ratio /I that they present hence a good candidate for fuctieracterizations.
3.3. EDSstudies

EDS analysis was used to confirm the C/O ratioifieieint modified electrodes (Table 1).
The EDS spectrum showed that the O element cotaneMWCNT/GC was (3.89 £
0.18) at%, in accordance with results from Ramaéer &fiat the electrochemical oxidation

process generated oxygen functional groups. ROMWGKETcontained (2.05 + 0.12) at%
12



of O element revealing a very high extent of reuncof those oxygen functional groups
after the electrochemical reduction process. Theme minimum differences between the
at% of the O element contained in the MWCNT/GC 210.21) at% from the one
contained in the ROMWCNT/GC, but there were biged@nces in the images of SEM

between both modified electrodes (Fig.1).

It should be noted that, the MWCNT dispersions ysedented a 0.2 at% of the O
element, therefore, it could be considered thaatlé present in the MWCNT/GC and

RoOMWCNT comes from the GC electrode.

The ratio C/O is an additional, albeit complemepnttool used to monitor the extent of the
process of graphitization [33]. In our case ther&/O of the oMWCNT/GC increased
from 25:1 to 48:1 in the ROMWCNT/GC, confirming @lh degree of reduction after the
corresponding electrochemical stépis ratio increase is in good agreement with the
change in the ratiallg seen in the Raman results and the concept thaixteat of
reduction and restitution of the*spybridization does not mean that the defects geeer

in the oxidation step disappear after reduction.
3.4 Electrochemical oxidation of MWCNT/GC and reduction of o MWCNT/GC

In order to study the electrochemical oxidatiotWCNT/GC and reduction of
oMWCNT/GC, we followed the process through cyclitammetry. We could see an
oxidation peak approximately at 0.63 V that incesbigs height along with the oxidizing
process of the MWCNTSs (Fig. 3a). The presenceisfgbak, together with the increase in

the D band in Raman spectra in comparison wittMdéCNT/GC, and the EDS higher

13



content of O element in the oOMWCNT/GC, strongly gess that the MWCNTSs are

oxidized after applying a potential of 0.72 V foh6

Fig. 3b shows that an increase in current (in altlsalalues) takes place as long as the
reduction potential is being applied (in the rafrgen 0 to -0.8 V). These moderately
strong cathodic currents show an effective redactidhich is in accordance with the lower
Ip/lg ratio for the ROMWCNT/GC, as well as the high GAfio obtained by means of

EDS.

3.5. Electrochemical studies using Fe(CN)e>"* or Ru(NH3)s>*"*" redox probes

To study the electrochemical properties of GC, MW@BIC, oMWCNT/GC and
ROMWCNT/GC, we used Fe(CMy* and Ru(NH)s>"*" as an inner-sphere and outer-
sphere electron transfer redox probe respectiddy3[7]. In both cases, small®E, values
are taken as a sign of increased reversibilitylstter electron transfer kinetics, since any
change in the voltammetric response is ascribabilee nature of the electrode and not due
to the redox probes involved, which are electrodbaly reversible. This way, we

purposely focus on the electrode much more thath@mnedox couple itself.

3.5.1 Inner-sphere electrochemical characterization

Fig. 4a shows the CV of Fe(CNJ* in PBS at GC, MWCNT/GC, oMWCNT/GC and
RoOMWCNT/GC electrodes. A high&E,is seen with the ROMWCNT/GC electrode when
comparing with the GC electrode, which could bensesa significant decrease in

reversibility. It should be noted that ROMWCNT/G€gented a lowekE, value than

14



oMWCNT/GC (Table 2 and Fig. 4a), which means thatreduced modified electrode still
shows increased reversibility.

Being a classical example of an inner-sphere @detreaction, Fe(CI}f)"“'is known to
have a surface-sensitive response, which can bideddto the increase hE, values

going from naked GC electrodes to the MWCNT acédatnes. The next section will

further explore this idea complementing it witharter-sphere redox probe.

The values of electrochemical surface area (EC$&@ MWCNTs/GC, oMWCNT/GC
and ROMWCNT/GC were calculated based on the Ratg@iesik equation (1), assuming
mass transport only by diffusion process (i.e reide process, hence the utilization of the

Fe(CN) > couple) (Table 2) [38,39].
Ip= 0.4463 Ac y*? DY? RT Y2 n¥2 F¥2 (1)

where n is the number of electrons participatintheareaction, A is the electroactive
surface area, D is the diffusion coefficient of thelecule (6.7 + 0.02 10cn? s?), cis the
analyte concentration (mol ¢ andy is the scan rate (V3. Table 2 shows that the
values of ECSA are approximately one order of ntagei after the GC electrode were

modified with MWCNT and further electrochemicaldteents were applied.

EIS was chosen to further characterize the modi@ingrocess of GC electrodes and their

capacity of electron transfer, once again using@Rg{ >

The Nyquist plots for all the electrodes are présgim Fig. 4b. It can be seen that when
the electrodes are activated by plain or modified@NT deposition a huge improvement

takes place. Also, the ROMWCNT showed a betteraesg. The higher electrocatalytic

15



performance of ROMWCNT/GC was confirmed by the ot of charge transfer
resistance (Br), the semicircle diameter in the Nyquist plot (thget in Fig. 4b shows that
the semicircle is practically absent for ROMWCNT/Gadich is a strong indicator that
only mass transfer effects are present, whichigidbntext implies the better

electrocatalytic activity for this redox couple).

The values of &, determined by fitting the data using an apprdereguivalent circuit,

are shown in Table 2. This data demonstrates thareement of electron transfer rate for
redox species Fe (CNY* at ROMWCNT/GC. It should be noted that despiteBXSA of
MWCNT/GC, oMWCNT/GC or ROMWCNT/GC are similarcRRvalues for the
ROMWCNT/GC are half the & values of MWCNT/GC and almost 4 times lower frdma t
values of oOMWCNT/GC. Furthermore, ROMWCNT/GC prasdawer RSD values
demonstrating the reproducibility of the electratieal treatments and stability of the

electrochemical properties of these electrodes.

3.5.2 Outer-sphere electrochemical characterization

In the prior section, we proposed the idea of divated ROMWCNT/GC, precisely due to
the reduction process itself, evaluated with thecgl Fe(CN)*™ inner-sphere redox
probe. In order to add further analysis to thisjdeis necessary to evaluate the electrode
response with an outer-sphere redox probe, elimigainy interference due to surface-
sensitive processes. Precisely, since this proigeadly independent of surface related
mechanisms, one can ascribe the observed diffesdrate/een electrodes, entirely to the

electrochemical treatments administered upon them.

16



Fig. 4c shows the CV of Ru(Ng#>*%* in KCl at GC, MWCNT/GC, oMWCNT/GC and
RoMWCNT/GC electrodes. It can be clearly seen tiiahE, values show better responses
going from bare GC to modified GC electrodes. Marportantly, AE, decreases going
from oOMWCNT/GC to ROMWCNT/GC, which means betterassibility and thus better

electrochemical activation.

The use of Ru(Ng)s>"** allows to better display the improved behavioregivy the
treatment of the modified electrodes itself, whieim be seen in the values &E, almost
constant between the of MWCNT/GC, oMWCNT/GC andVRUWCNT/GC, since all of
those values approach fairly well the theoretidg] value of 59 mV, typical for a
reversible couple. With Fe(CMY* all the results of\E, obtained with this redox probe
are much higher than the theoretical 59 mV valueyipg the importance of the use of an
outer-sphere probe, since it provided clear evidei@ true reversible behavior for the

electrode processes once they have been activatie laddition of MWCNT.

To further evaluate the impact of the usage ofweresphere probe, the values of ECSA
were calculated for all the electrodes, once algased on the Randles-Sevcik equation,
using D as the diffusion coefficient of the Ru(jj$i" molecule (9.1 18 cnf s* in 0.1 mol

L™t KClI supporting electrolyte) [40].

The values of ECSA obtained with both redox prabege different; althought in one key
aspect, the relation between them was alike: usithgr Fe(CNY** or Ru(NH)s>"**the
values of ECSA were approximately one order of ntage higher after the GC electrode
were modified with MWCNT and further electrochentitaatments were applied,

showing the importance of the activation process.
17



It is important to notice that the Ru(NfsF "3 case provide the values of ECSA which
present only small variations once the GC electimie been modified by MWCNT, in
agreement with the narrofAE, values so obtained, so the outer-sphere probésptoward
a true reversible process taking place in the mdetsurface. This fact could never be

pointed out based in the inner-sphere probe realdtee.

The effective heterogeneous electron transfer (H&{E) constant, k&, was determined
utilizing a method developed by Nicholson [41], kggble for quasi-reversible systems,

and calculated for each modified electrode, plgtiragainst fDnvF/(RT)]*?as

suggested by Brownson et al. [40] whereés a kinetic parameter, D is the diffusion
coefficient for Ru(NH)s**, n is the number of electrons involved in the pes; F is the
Faraday constant, R the gas constant, T the tetoperand n the scan rate used (we used a
range between 0.025 and 0.15 V).

The kinetic parametep was calculated following equation (2)

= (-0.6288+0.0021 X) / (1-0.017 X) 2)

X beingAE,.

The k¢ calculated for bare GC was 3.17%.6his value is in agreement with Brownson’s
result for GC [40]. Our modified electrodes preserkt’;of 3.2 10", 5.54 1¢, 4.51 1¢°

for ROMWCNT/GC, oMWCNT/GC, and MWCNT/GC, respeclieThese values are
higher than those calculated by Brownson with tR€& electrode, therefore these results,
coupled with the structural differences seen in Ramnd EDS studies discussed
previously for ROMWCNT/GC, as well as the changekIiS after the electrochemical

process indicating that ROMWCNT/GC presents an awgd conductivity (Table 2 and
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section 3.5.1) and the value&i, of 60 mV using Ru(NB)e>***, are strong evidence that
these modified electrodes exhibit favorable elattemical properties to be explored with

biological molecules.

3.6. Electrochemical measurements of AA, DA, UA and 5HT and kinetic analysis of the

modified el ectrodes

We have studied the electrochemical behaviour dafifieal electrodes obtained by
following the protocol stated by Shinde [14]. CVasarements were made in samples
containing 5HT, AA, DA, and UA, employing eitheGC, MWCNT/GC, oMWCNT/GC
or ROMWCNT/GC electrodes. As expected and in agesgmwith previously published
work, Fig. 5 show that the four compounds of th&tare were not identified using GC,

MWCNT/GC, or o MWCNT/GC.

At bare GC electrodes only one clear anodic peakabtained near 415 mV (inset in Fig.
5). With MWCNT/GC and oMWCNT/GC two defined peaksre found when different
concentrations of 5HT, AA, DA, and UA were assaffeid. 5). The peaks were found
almost at the same potentials with both electr¢@86.8 + 18 mV and 367 + 30 mV, n=3)
and higher currents were obtained with oMWCNT/QCah be seen that there is a
significant improvement in the signals going froardGC electrodes to the modified ones,
a fact that is in accordance with the evidencdeaxteode activation mentioned in the above
sections. Nevertheless, it is clear that thesestblectrodes presented poor selectivity and

sensitivity.
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In contrast, four well-defined peaks of oxidatiocnrresponding to AA, DA, UA and 5HT
from left to right, were observed using the ROMWQQT electrode in samples with
different concentrations of AA, DA, UA and 5HT (etsFig. 6a). The peaks of oxidation
found were (101 + 24) mV for AA, (233 + 4) mV forA) (363 = 10) mV for UA and (683
+ 11) mV for 5H; with an RSD of 1.7% for DA and ¥&or 5HT (values of SD were

calculated using three different electrodes, n=3).

The presence of noticeable peaks in the reversediatregion of any of these four

biological compounds (but much weaker than thosen fthe anodic region) are an

indication of a kinetic moderately favorable, clgarot irreversible, but also not fully
reversible. These biological molecules show slomtmerate kinetics, due to a non-trivial
molecular rearrangement and resolvation that tple® in every one of the four redox
reactions evaluated here, a fact that points tosvangrobable quasireversible kinetic, a
hypothesis that will be further explored in the Sedpuent sections; besides the fact that they

tend to adsorb in the electrode surface, whiclin will also affect the observed kinetics.

Nevertheless, the fact that the ROMWCNT/GC ele@roah resolve these four peaks is
strong evidence of its improved selectivity towatttsse compounds. DPV responses using
a ROMWCNT/GC electrode in mixtures of different centrations of AA, DA, UA, and

S5HT are shown in Fig. 6a. The peak separation letiee four peaks (AA-DA: 132 mV,
DA-UA: 130 mV, UA-5HT: 320 mV) allows the selectigietermination of these four
molecules. A linear range was obtained for DA bew® and 24@mol L™ (y = 1.271 +
0.068 x. f: 0.976) (Fig. 6b) and between 5 and pmhdol L™ for 5HT (y = 0.750 + 0.021 x.

r’: 0.996) (Fig. 6¢), both in presence of AA and UAgs. 6d and e).
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In DPV, the shape and height of the peaks arerieriter kinetic capabilities of the redox
reactions, with high and symmetric peaks correspwyi reversible or quasirevesible
kinetics [42,43]. It can be seen that DA and UAsprd higher peaks, attributable to more
favorable kinetics; while AA and 5HT show peaks éovand broader, which means that
they present kinetics less favourable. It was no@eti above that the molecular
rearrangements during each one of the redox resctiust be taken into account. Hence,
DPV results can be seen as evidence for the diffendent of the molecular rearrangement

involved in each case.

In order to explore quantitatively this hypothesfisnolecular rearrangement, kinetical and
molecular interpretations were further taken, facleone of the four compounds, based on
Tafel’s plot and its equation (the Tafel equat&imgwn in equation (3), is a special case of
the Butler-Volmer model for electrode kinetics, atin turn is derived from the full

mathematical treatment of current-potential chaméstics, for electrode kinetics).
y= (1-a) F (2303 RT)™* (3)

where F is the Faraday constant (96.485 kJ'm& is the gas constant (8.314%1) K*

mol ™), anda the transfer coefficient.

In such cases, a plot of log current vs. overpakdisplays a linear region near the half-
wave potential where both molecular forms, reduaedl oxidised, are present in similar
concentrations. The resulting Tafel plots can pte\a value for the exchange current
density () from the extrapolated intercept at zero overpiaéf2,43]. Fromg can be

easily calculated the value for the standard ratestant (k) which is a direct measure of

21



the kinetic ability of the electrochemical processseith a higher value that indicates a

more favourable electrochemical reaction [43].

According to the extensive literature on the sulj2,43], the chosen region of potential
must be the linear section in the plot of log cotnes. potential (taken from the positive
scan of the voltammetry potential sweep), sinceliv@ar regions are owed to depletion of
either reduced or oxidized species and/or massfeahmitations, which would invalidate
the Tafel equation of theoretical electrode kiretie, at very low overpotentials, one of
the terms in the Butler-Volmer equation will no ¢m be negligible and the linearity falls
off. At very large overpotentials, mass transfée@t arise and the linearity once again

falls off).

The k values obtained for each case are shown in Tallleey are in very good
agreement with the results and interpretations@fireceding CV and DPVs, providing a
guantitative explanation for their behaviour. UAJdDO have the highesp kalues, with

5HT showing slower kinetics. It should be remindeat Tafel plots only give linear
relationships when the electrochemical processuated is not totally reversible. A degree
of quasireversibility must be present in order lbtatn good Tafel plots, which in turn
provides extra criteria for good but not totallyeesible kinetics, precisely such as the four

compounds examinated in the present work.

Furthermore, Matsuda and Ayabe [44] provide exoelbeiteria for reversibility in CV,
which takes into account the scan rate velocity.dem scan rate (50 mV'} the criteria

result in:

Reversible kinetics:de 1.5 107 cm &t
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Quasireversible kinetics: 1.5 36 k, > 10° cm st
Totally irreversible kinetics: k< 10%cm &t

As can be seen in Table 3, our values foare in excellent agreement with these criteria,
since UA and DO are quasireversible, but have itjledst values (and are the most
favorable process, as can be seen in both CV aMdbfee they show the highest current
peaks), while 5HT and AA fall behind in their vasy@and have lower current peaks in CV
and DPV. This quasireversible behaviour, can besipbsexplained since the structural
changes that take place during the redox reacérasiined in this work are not simple
electron transfer processes: several changes thdogles and lengths are inevitably
involved, as well as resolvation processes, ansktihoolecular alterations are clearly

relevant from an energy point of view [43].

The limit of detection (LOD) was calculated usihg formula 3SD B, where SD is the
standard deviation of 4 consecutive readings obtark response and b is the slope of the
calibration plot of DA or 5HT. LOD for DA was calated as 235 nmolt.and 460 nmol

L™ for 5SHT. These detection limits are higher thameotrecently reported (Table 4), but
many of those reports do not inform the simultarsedetermination of DA and 5HT under

the presence of AA and UA.

It is extremely important to note that the expentsanade in samples with AA, DA, UA
and 5HT have been made consecutivietythe assays of CV of three samples of different
concentrations and DPV of six samples of diffe@ricentrations of the four compounds
have been measured with the same ROMWCNT/GC mddiiectrode. These

measurements were repeated with three differeatreties (n=3) three different days
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under the same experimental conditions to evalhatenter-electrode reproducibility (Fig.
6f). This fact strongly evidence that the ROMWCN/@@dified electrodes are suitable for

the simultaneous determination of DA and 5HT irspree of AA and UA.
4. Conclusions

In this work, an electrochemical treatment has lsmiied to GC electrodes modified with
MWOCNT in order to determine in a simultaneous wapamine (DA) and serotonin (5HT)

in presence of ascorbic acid (AA) and uric acid JUA

Raman spectroscopy revealed that the density etteincreased upon electrochemical
treatment but decreased between the oxidationeahetion steps. Thus, despite the fact
that our modified electrodes are both functionisg@miconductors, the ROMWCNT/GC
electrodes has better conductive properties thaoMWCNT/GC electrodes. The
experimental evidence shows that the electrochémadaction process has restored the
spf hybridization. Based on EDS studies, we foundgadi amount of atomic percentage
of the O element after the electrochemical oxidaficocess, confirming the oxidation step
of MWCNTSs, and a reduction of O level after electremical reduction, confirming the

extent of the reduction step of OMWCNT.

ROMWCNT/GC electrodes present a clear lowgr ®hen using Fe(CNJ™ and a lower
AE, using Ru (NH)s>*?* (near the theoretical value of 59 mV) when comgavith the
other modified electrodes (MWCNT/GC, or oMWCNT/GCQhese overall results show

that the ROMWCNT/GC electrode facilitated the alecttransfer rate, and this might be
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attributed to the higher electric conductivity, antigher electrocatalytic activity of the

RoOMWCNT/GC, despite the similar calculated ECSAdtithe modified electrodes.

SEM images showed fused and unzipped MWCNT in aeritayer, closer to the GC
surface electrode, after the oxidation potentedtment applied to a MWCNT/GC; while
MWCNT with similar morphology of those found in thatreated MWCNT/GC can be

seen in the solution interface of the electrodes.

These modified electrodes may expose different hmggies to a sample, guaranteeing
mass transport and, as a consequence, performahaecement of the electrodes
increasing selectivity of DA and 5HT [2,45]. Therfeemance enhancement is reached
using ROMWCNT/GC electrodes, given their favouraddkrtrochemical properties
evidenced by its high kg value. The fact that ROMWCNT/GC can determine foeaks in
samples with different concentrations of AA, DA, Ugnd 5HT is strong evidence of its

improved selectivity towards these compounds.

These results were in very good agreement witlatiadysis of kinetics made through the
Tafel equation providing a quantitative explanationtheir behaviour. Although UA and
DA present the highest kalues, 5SHT showed slower kinetics, but still asjteversible
behaviour in ROMWCNT/GC electrodes. These behayicam be possibly explained since
the structural changes that take place duringagtex reactions examined in this work are
not simple electron transfer processes: severalggsain bond angles and lengths are
unavoidable, coupled with the fact that adsorptibhiomolecules to the electrodes is

always an issue.

25



To the best of our knowledge we report for the firee modified electrodes, with higher
selectivity towards the oxidation of DA and SHTpresence of UA and AA, with
differences between peaks higher than 130 mV, gepabducibility with an RSD of 1.7%

for DA and 1.6% for 5HT, and LOD of 235 nmot for DA and 460 nmol L for 5HT.

Future work will be focused in the improvement ehsibility of DA and 5HT in order to
reach the clinical needs for the determinationrinesand/or blood samples. A more
detailed characterization of the modified electsodrd the fabrication of a disposable
modified electrode, for selective determinatiorDéf and 5HT in presence of different

interferences is another of our goals.
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Captions to illustrations

Fig. 1. SEM images of modified GC electrodes witWRINT without any treatment (a),

with oMWCNT (b and c), and with ROMWCNT (d, e and f

Fig. 2. Comparisons of Raman spectra of GC (blagk))CNT/GC (red), oMWCNT/GC

(blue) and ROMWCNT/GC (green) (n=2). Ratigd¢ are showed in the inset.

Fig 3. (a) Oxidation CV after 0 h (black), 1 h (yed h (green), 3 h (blue), 4 h (cyan), 5 h
(magenta), 6 h (yellow) of the electrochemical ation of MWCNT/GC. (b) Reduction
CV after 0 h (black), 3 h (blue), and 5 h (magentd)the electrochemical reduction of
OMWCNT/GC in 0.5 mol [* of H,SO, at 100 mV & scan rate. Regions marked with a star
indicate the potentials at which the modified GEctlodes have been selectively oxidized

or reduced.

Fig. 4. (a) CV of Fe(CNJ'* in PBS at GC (black), MWCNT/GC (red), oOMWCNT/GC
(blue), and ROMWCNT/GC electrodes (green). (b) Nggplots of Fe(CNy*™ in PBS at
GC (black), MWCNT/GC (red), oMWCNT/GC (blue) andR&/CNT/GC (green)
electrodes. In the inset, the high frequency zdriteeNyquist plots has been magnified.
(c) CV of Ru (NH)¢Z"*" 1 mmol Ltin KCI 1 mol L* at GC (black), MWCNT/GC (red),

OMWCNT/GC (blue), and ROMWCNT/GC electrodes (green)

Fig. 5. CV at 50 mV $using an oMWCNT/GC (in blue) or a MWCNT/GC (in Jed
samples containing 350mol L™ AA, 25 pmol L™ DA, 85pumol L™ UA, 30umol L™ 5HT
(solid line); 980umol L™* AA, 100pmol L™* DA, 360umol L™ UA, 100pmol L™* 5HT
(dashed line); or 1100mol L™ AA, 240umol L™ DA, 600pmol L UA, 220pmol L*
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5HT (dotted line). In the inset it can be seen aaf'¥0 mV & using a GC electrode in a
sample containing 980mol L AA, 100 umol L™ DA, 360pmol L™ UA, 100umol L™

SHT.

Fig. 6. (a) DPV curves of samples with differenhcentrations of AA (from 15 to 1100
pmol L), DA (from 5 to 24Qumol L), UA (from 50 to 60Qumol L) and 5HT (from 5 to
220umol L) using a RoOMWCNT/GC electrode (it can be seeméninset CV
corresponding to concentration of curves blue ameh Linear responses obtained for DA
(b), 5HT (c), AU (d), and AA (e). (f) Inter-electie reproducibility between three

electrodes made the same way in different days.
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Tablel

Elemental compositions of the GC modified electeodetermined by EDS (n=3).

C at% O at% S at%
MWCNT/GC 98.1+0.5 1.72 +£0.21 0.20 +£0.03
OMWCNT/GC 95.4+0.5 3.89+0.18 0.46 +£0.01

RoMWCNT/GC 97.7+0.2 2.05+0.12 0.22 £0.02




Table2

Values of ECSA andE, obtained in the electrochemical characterizatisingiFe (CNy *™* or
Ru(NHs)s>"** of GC and modified electrodes. The values ef Rere only calculated using Fe
(CN)s *™. The relative standard deviation, RSD (in paresifiewas calculated for all

measurements, n=3.

Redo> Couple Electrod ECSA/cn’ AE, / mV Rer IQ
GC 0.0073 + 0.0006 727 2097 £ 676
(8.2%) (9.7%) (32.2%)
MWCNT/GC 0.087 £ 0.00 96+ 9 146 + 8
Inner-sphere (6.9%) (9.4%) (26%)
Fe (CN}** OMWCNT/GC 0.071 £ 0.00 103+ 6 276 + 19
(7%) (5.8%) (6.9%)
RoOMWCNT/GC 0.080 = 0.00¢ 95+1 73 ¢
(7.5%) (1.1%) (8.2%)
GC 0.0061 = 0.0005 68 £2 ---
(8.2%) (2.9%)
MWCNT/GC 0.(49£0.0C3 62+ 2 ---
Outer-sphere (6.1%) (3.2%)
Ru(NHs)s 243+ OMWCNT/GC 0.C48 £ 0.0C3 619+ 1.€ ---
(6.3%) (2.9%)
RoOMWCNT/GC 0.(51£0.0C3 60+1 ---
(5.9%) (1.7%)




Table3

Jo and ko values obtained from Tafel plots made from CV assays, measuring each

compound individually, with RoOMWCNT/GC electrode at 50 mV s™.

AA DA UA SHT

jo 2.626 10° 1.67310° 1.811 10° 7.328 107

Ko 3x10° 1x10° 6x 103 4x 10




Table4

Comparison of ROMWCNT/GC anal ytical performance with some modified GC electrodes

previously reported.
Electrode Linear range (umol L™) LOD (umol L™ Reference
AA DA UA SHT AA DA UA SHT

PG® 9-2300 5-710 6-1300 -- 6.45 2 4.82 -- [25]

MWCNT/MGF®  100-6000  0.3-10 5-100 -- 1828 0.06 0.93 -- [27]

Pt/RGO/GCE® -- 5-150 10-130 -- -- 0.45 0.70 -- [23]

ERGO/GCE* 500-2000 0.5-60 0.5-60 -- 200 0.5 0.5 -- [24]

ERGO-P* -- 0.1-500 -- 0.1-300 -- 0.035 -- 0.0049 [17]

ROMWCNT/GC 120-1150 5-240 10-600 5-210 628 0235 011 046  Our work

®PG: pristine graphene

PMWCNT/MGF: MWNTSs bridged mesocellular graphene foam

‘Pt/RGO/GCE: Pt/reduced graphene oxide modified glassy carbon e ectrode

YERGO/GCE: glassy carbon electrode modified with electrochemically reduced graphene oxide.

°ERGO-P: Electrochemically reduced GO-P (is a GC modified electrode).
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List of changes:

We have thoroughly revised the manuscript accorttirthe reviewers’ suggestions:

We have made new assays using a new batch of RRIEf and we have changed Fig
4c, and section 3.5.

We have added values of ECSA of all the electroctgsulated from using Ru(N$#>* in,
Table 2calculated.

We have exchanged tables 3 and 4 because theywsa@ngly numbered according to the
order of appearance in the text.

We have highlighted the changes in the revised s@aipi.



