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Abstract.

Paper-based working electrodes were modified byatitition of nanomaterials (carbon
nanofibers, gold nanoparticles, graphene and hgloidhem), with the aim to increase
the conductivity and to obtain an electroactivetfplan with improved analytical
behaviour. The effect of the nanostructures wasuated by using cyclic voltammetry
and dopamine as electrochemical probe. The motditax with in-situ generated
nanomaterials such as gold nanoparticles (AuNP)tloers requiring treatment like
graphene oxide (GO), were optimized by factoriddigie. The characterization of the
cellulose based electrodes by scanning electrorrosdopy (SEM) showed the
distribution of carbon nanofibers and the presaric®uNPs around the cellulose fibers.
The partial modification made by the carbon ink \&k® monitored by attenuated total
reflection (ATR) spectrometry. Electrodes modifiatth rGO and AuNPs exhibited
higher intensity peaks with more reversibility argproducibility than unmodified
paper. The highest intensities and lowest limitslefection were achieved with paper

electrodes modified with hybrid nanostructures cosgal by both CNFs and AuNPs.

Keywords. Paper electrodes, carbon nanomaterials, gold naioes, factorial design,

dopamine.
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1. Introduction

One of the actual trends in sensor research isdédwelopment of low cost
electrodes with low volume requirements, easy &aion and simplicity, but without
losing selectivity or reproducibility [1]. Among ¢hmaterials that can be used as
substrate for sensing devices, paper is a verachite option [2-4]: it is mainly
composed of a porous three-dimensional network @fulose-fibres, which can
transport either reagents or samples towards actdmie chamber [5]. The
electrochemical detection in Paper Analytical Desic(ePADs) has been recently
reviewed [6]. These substrates can also be modifiedhe addition of hydrophobic
materials such as wax, to form barriers, whichraethe biosensor area [7-9]. There is
also a great variety of options on capillary flaater and chemical adsorption, depending
on the pore size and surface treatments applied.allows choosing the best substrate
for every target analyte. Besides, several typgsapker with different pore size can be
combined by origami strategies, to design the ommsensor for biomarkers, heavy

metal detection or the required application [10-17]

Modification of the cellulose network is usuallgaessary to develop a suitable
electrochemical sensor, since cellulose is a naowhective and porous material.
However, some areas can be covered by conductiveriala, to allow the study of
electrochemical signals and optimize the perforreamicthe electrodes [18-19]. There
are several ways to modify the cellulose networkdwee a conductive surface, like gold
sputtering or printing conductive inks, but theiesisway to achieve this conductive
surface is drop casting an aliquot of carbon-inkpsumsion at the selected area. With
this procedure, the modified paper can act as akingrelectrode, where the
electrochemical reactions take place [20]. Papsethavorking electrodes can also be

modified by monolayers or electrogenerated polynwrsaanomaterials such as gold
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nanoparticles (AuNPs). An auxiliary and a refeeemtectrode are then required to
construct the electrochemical cell, but these sdéeis can also be printed with carbon
or other materials like silver [21]. There are alsore options like connecting the
working paper electrode to screen-printed elecsode external systems like gold-
plated pins [22]. This design with the screen-gthelectrode placed below the paper
substrates has been applied in or group to therrdetation of arsenic in wines,

showing that it was possible to reuse the screemegr electrode with another working

paper-based electrode without any interferences Theisulted on a suitable and

sustainable route for sensor development [23].

In this paper, we have carried out for the fiistet a systematic study of the
optimization of the electrochemical properties @fper electrodes, modified by the
addition of several nanomaterials: carbon nandfif€@NFs), graphene oxide (GO),
gold nanoparticles (AuNPs). Similar studies havenbdone before with conventional
screen-printed electrodes [24-25]. It was expedtet these modifications would
improve the sensitivity of the electrochemical déten of the analytes, as compared to
unmodified paper electrodes, obtaining a more cotivkl working electrode with
advantages for the development of low cost sensorstder to apply electrochemical
treatments or in-situ synthesis of nanomateridis,imk side of the paper substrate was
placed on top of the working electrode of a commaéscreen-printed card, with the ink
acting as contact layer. The nanomaterials weredddr generated) on the uncoated
side, keeping the screen-printed electrode belowadgified and ready to study another
specimen. The modification with gold nanoparticeas carried out in-situ, and
monitored by chronopotentiometry. The procedureveldped here have been
customised for each type of the nanomaterial. Atiariate optimization was used,

because this is the only approach that allows udentify interactions among factors
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[26-28]. Dopamine (a neurotransmitter that playsnaportant work in human life [29-
30]) was chosen as electrochemical probe. The sisalyf the multivariant data
collected allowed us to identify the interactioneokry factor with the response (current
intensity) and the interactions among them, by gisthe minimal number of
experiments. This approach reduces reagent consaimahd working time. In this
case, we have used a full factorial design witheatr@al point for the modification
involving graphene-oxide reduction or gold depositiimpedance measurements were
also made to evaluate the resistance of the systthnthe paper electrode and how the
modification with nanomaterials can change it. scussion is based on the results

obtained with the best conditions found for evedification procedure.

2. Experimental section

2.1. Materials and electrochemical instrumentation

Screen-printed electrode cards were obtained fraap®ens S.L. (SPCEs, ref.
DRP-110, Spain). Their working and an auxiliarycalede are made of carbon ink, and
the pseudoreference electrode is made of silv&S& connector (ref. DRP-DSC) from

the same company was used to connect them withatteatiostat.

Graphene oxides (GOs) were a gift from Instituidnal del Carbon (INCAR,
CSIC, Spain). They were made by pyrolysis of arthing tars in a process to obtain
“coke”, (fuel made of calcified coal). Graphite svabtained following a heat treatment
at 2800°C. It was converted into GO by the modifiddmmers’ method [31].
Nanofibers were obtained from Grupo Antolin (Spaidarbon paste (ref. C10903P14)

was acquired by Gwent group (United Kingdom).

The cellulose substrate was Whatman Grade 1 chography paper.

Hydrophobic wax patterns were printed on the pdpewusing a wax printer (Xerox
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Colorqube 8570). A thermostat model (Naberthern8d42 was used to melt the wax
printed on paper Whatman Grade 1. The spray adhedi Spray Mourt' was

adquired by local stores.

Electrochemical measurements were carried out withotentiostat (Autolab,

PGSTAT 10) controlled by the Autolab GPES software.

Impedance measurements were carried out with @&npostat (Autolab
PGSTAT 12) controlled by the Autolab FRA softwareasuring a range from 1000 Hz

to 1 Hz (n=30).

2.2. Reagents and preparation of solutions

General reagents, Potassium hexacyanoferrate t(ijydrate potassium
hexacyanoferrate (lll), Tris (hydroxymethyl)amindimene (Tris) and dopamine were
purchased from Sigma-Aldrich (USA). Water used oamined from a Millipore Milli-

Q purification system (Millipore Direct-& 5). Solutions of sulphuric acid, sodium
hydroxide and phosphate buffer saline (PBS pH =w@&)e prepared as supporting
electrolytes for the reduction of the graphene ex&hd the rest of electrochemical

measurements. The solutions of dopamine were nmadld iM HSO..

Solutions of hexacyanoferrate (lI/lll) 0.01 M wepeepared in a 0.1 M Tris-

HNO3 pH = 7 buffer.

Paper patterns were fabricated on Whatman Graupér and then placed in a
thermostat at 90 °C to melt the wax. The design masle by means of Inkscape

program.

The carbon ink used to modify the paper was madéhé dissolution of the
commercial carbon paste in anhydrous N, N-dimethgimide (DMF) in an
ultrasound bath for one hour. The concentratiothefcarbon paste was 20 % (w/w).

6
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After cooling at room temperature, the paper waglifreal by addition of 2 pL of
carbon ink solution by drop casting on one of tides and was left to dry having a side
covered by ink (bottom side) and a side which bdlused to add the nanomaterials and
samples to measure (upper side). This preparedastt electrode was cut with an area
which covered the working electrode from the screented platform and the ceramic
surface between the working and auxiliary electrddee surface of the paper electrode
overlaying the working screen-printed card was ceddy a protector and the rest was
covered by an adhesive spray. The final electrode placed on the surface of the
working electrode of a screen-printed electrodel ¢8PCE). With this procedure there
was good contact between the carbon ink on thergamethe carbon ink on the SPCE
without any interference from the adhesive spragfoB: the measurements, it was
verified that there was full overlap, and the dolutadded on the surface of the paper
electrode was not in contact with the working SP@Eorder to check that, we have
used the SPCE after a run with overlapping nanamaégenodified paper prepared by
the techniques described below. We have foundtheme were not differences with a
fresh SPCE, confirming therefore, that the solgi@o not contact the underlying

SPCE.

2.3. Modification of the prepared cellulose based electrodes

Paper electrodes with carbon ink were modified witifferent types of
nanomaterials of different chemical nature: nlietdAUNPs) and carbon materials
(CNFs and GO) were employed. Two-dimensional (geaph as well as one
(nanofibers) or zero (nanoparticles)-dimensionatemas were considered, together

with hybrid modification procedures.
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2.3.1. Modification with carbon nanofibers (CNFs)

Suspensions of CNFs were prepared in DMF and uiteagvater by solving
CNFs weighted in these solvents and put them imlaasonic bath for 1 hour. An
aliquot with volume varying from 1 to 4 uL and néber concentration ranging from
0.1 to 10 mg/mL was deposited onto the upper gatiepaper before placing it on the
screen-printed electrode card. Modified papers vkeyg at 80 °C for 40 min when
working with DMF suspensions, whereas those madifgh ultrapure water were left

to dry at room temperature.

2.3.2. Maodification with graphene oxide (GO)

GO needs to be reduced in order to destroy oxmdehgdroxide groups which
can interfere with the electrochemical signal. Tprvocedures for modification with GO
were carried out. The first one started with theparation of suspensions of GO in
water, with different concentrations (1-100 mg/mahd direct deposition of gL on
the paper substrates, similarly to the procedureniodification with CNFs, previously
described. After the overlaying with the screemar electrode, the graphene oxide on
the paper-based working electrode (PWE) was redapetling a constant current to
reduce the chemical groups of GO. The modificatiovas followed by
chronopotentiometry. This reduction step was cdroit in 3 different solvents ¢80,
NaOH, PBS 0.1 M). This process could be influenbgdseveral factors interacting
among them, and therefore it was optimized for y\aolvent with a full factorial
design with a central point as is commented in. T®st significant factors were
chosen for the factorial design (i.e. GO conceiunatcurrent intensity and time). The
upper and lower limits chosen were: 1 - 100 mg/i &® concentration, -1 and -100

MA for current intensity, and 60 and 900 s for timie full factorial design involved a
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total of 19 experiments (duplicates of 8 differeainditions and a triplicate of the

central point).

A second procedure for modification of paper etstes with GO was tested
trying to simplify the protocol. In this case, 4Q pf GO solution (500 pg/mL on 0.1 M
NaCl) were placed on the upper side of the celtildisc overlaying the surface of a
screen-printed working electrode. GO could be reducapplying either,
chronopotentiometry with different reduction inteies, or multicyclic voltammetry. In
the multicyclic voltammetry procedure, a potentram 0 V to — 1.5 V was applied at a
scan rate of 100 mV/s. The electrode was thenyrdad the electrochemical

measurements.

2.3.3. Madification with gold nanoparticles (AuNPSs)

AuNPs were electrogenerated by chronopotentionadtey deposition of 40 pL
of a HAuCl, solution with different concentrations (0.1, 1 mkh) a cellulose paper
overlaying the surface of a screen-printed workatgctrode following a procedure

previously developed for screen-printed carbonteddes in our research group [32].

2.3.4. Modification with hybrid nanostructures

All these nanomaterials (CNFs, GO and AuNPs) cbeldombined on the same
paper specimen generating a more conductive miteviach could give a better
electrochemical signal than the paper modified véttsingle nanomaterial. Several
combinations were studied but preliminary resultfigated that the most advantageous
involved the combination of a carbon nanomatel@\fks or reduced GO) with gold
nanoparticles. The electrodeposition of AUNPs @aj@er modified with nanofibers was

also optimised by a factorial design whereas fer AuNPs/GO modification the best

9
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individual conditions were employed. The limit vatufor the most significant factors
were: 0.1 and 1 mM for Auglconcentration, -1 and -1Q0A for current intensity and

60 and 180 s for time. The combination of seveaalaparticles was also studied.

The Figure 1 summarizes the main routes used snvibrk for the preparation

of nanostructured paper electrodes.

Insert figurel

2.4. Analytical procedure

The modified electrodes were evaluated by cyclitawometry (from 0 V to
+0.5 V at a scan rate of 50 mV/s), adding 40-uLpdrof 100 uM dopamine solutions
(in 0.1 M HSQy). The paper disc placed on the commercial screenepricarbon
electrode was washed with ultrapure water (Milli{6@tween the modification and the
analysis step. The analytical signal monitored wees intensity of the peak current.

Results were obtained when the signal was stadilize

2.5. Paper substrate characterization

The modified papers with the best properties wedraracterized by several
techniques such as Scanning Electron MicroscopyMjSEr Attenuated Total
Reflection (ATR) Spectrometry. SEM characterizatvess carried out at a microscope
JEOL 6610LV using 5-20 kV as voltage for the elestbeam. The homogeneity of the
surface nanostructured with AUNPs was checked bgrsng at different points of the
paper and recording the Electron Dispersive X-RBIPX) spectra with an EDX
attachment (JSM-6610). For obtaining lateral imaaféSEM papers, they were cut with
a scalpel, to obtain a clean cut. AUNPs were imdgetackscattered electron images.
The ATR measurements were carried out at both sitidse modified papers (also for

the GO reduced papers). A FTIR spectrometer (VaBailden Gate, Varian 670-IR)

10
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was used. The paper electrodes were placed onuttfece of a diamond crystal to

monitor the ATR spectrum.

3. Resultsand discussion

3.1. Preliminary studies on single-nanomaterial modification procedures

The deposition of each nanomaterial generatedtretixs with different
electrochemical behaviour. Figure 2A shows the moliggy of the plain cellulose
network and cross sections of the substrates cedtedhe carbon ink. The paper used
had a thickness of around 1pM. A 4 - 10 um thick carbon layer could be obseratd
the cross section of the paper. Ink deposition d¢@lso be monitored at the ATR
spectrum at Figure S1. As expected, the bare pegsethe same spectrum at both sides,
showing peaks at 3340 nm associated to -OH groodsaa 2906 nm due to -C-OH
bonds. CHOH groups were also identified at other studie$ waated filter paper [33].
In contrast, the carbon ink that was employed aratact layer with the working
electrode of the SPCE (from now, bottom side ofgaper) showed only a huge band of
absorption associated to the carbon groups retatéte ink. This agrees with the cross
sections observed at the SEM images in Figure 2Angank only at one side of the

paper electrode.

INSERT FIGURE 2

3.1.1. Modification with CNFs
Modification with CNFs was carried out by drop tiag an aliquot on the paper
substrates, and therefore the process was simgl@@ntime consuming only needing

one cycle of cyclic voltammetry to get a stablenalg Several concentrations between

11
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0.1 mg/mL and 1 mg/mL were studied with both wogksolvents (DMF and }D),
being DMF the best option to increase the intensityhe dopamine oxidation peak.
Increasing the added volume of the CNF solutiontten paper did not improve the
signal of dopamine, and therefore, we have choserutther studies the minimum
addition (2 pL of a stock solution of 1 mg/mL). Theerall effect of the modification
was only a slight increase in the intensity curneeaks. Results obtained showed an
increment of the oxidation peak current for dopamamound 0.31 and 0.3¥A using
carbon nanofibers suspended inCHand DMF. Reproducibility of the process was
better, as compared with the results with unmodlipaper. Peak separation improves
considerably, indicating higher electronic transfates with a decrease in tiads,

around 150 mV in comparison with unmodified pagectodes.

The characterization of some modified papers wahofibers under the SEM
microscope showed a modified upper-side totallyecedt by a homogenous layer of
carbon nanofibers in comparison to an unmodifigoepavith carbon ink as we can see
in Figure 2B. This would yield to higher conductiaeea in contact with the solution,
explaining the improvement of the oxidation peakrrent. However, the
homogenization of the CNFs through the paper tl@skrwas not fully successful, since
the lateral view shows a layer of CNFs at the srfavhich was not observed in the
inner layers of the paper. This is probably duethte high aspect ratio of CNFs.
Therefore, this procedure results on a partiallydifred paper with two conductive
layers at the outer surfaces but with a not visiblydified core of cellulose fibers with
low conductivity, which might explain the slight provement of the electrochemical

behaviour observed.

3.1.2. Modification with AUNPs
12
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The modification with AUNPs was made by the eleddposition of Au (0)
using 1 mM HAuCJ in 0.1 M HCI and applying a reduction intensityl®f0 pA. Unlike
the procedure with CNF paper electrodes, this phaee needs a stabilisation time
(quiet time) of 6 min after the reduction procesbtain a stable background signal.
Although this procedure takes longer than the AubBlBstrogeneration at a SPCE [32],
it requires fewer reagents than batch syntheststlarefore, there is less contamination
on the cellulose matrix. [34-36] In this case, ¢ffilect obtained was a high improvement
on the intensity peaks of dopamine showing an anmdieénsity around 2.4 pA, and on
the reproducibility of the process, in comparisorthwthe results obtained on
unmodified paper. Peak separation decreases coalsigeshowing aAEp around 40
mV obtaining a reversible electrochemical procdssopamine, as it is shown in Table

S1.

The AuNPs-modified paper electrodes were charnaegrunder the SEM
(Figure 3), using backscattered electrons imaged anergy dispersive X-Ray
spectrometry (EDX). Au was clearly identified aketpoints seen as particles at the
backscattered electron’s image. The microanalysdy/scould not be carried out at the

lateral paper section due to instrumental limitagio INSERT FIGURE 3

3.1.3. Modification with graphene oxide (GO)

In order to prepare the nanostructured electroatentransducer, graphene-
oxide must be reduced. This could be made by clammperometry or cyclic
voltammetry. The result was a reduced grapheneecki@dO) with a minimum amount
of oxides-groups which could interfere with the doativity of the system. In this
work, a stabilisation time of around 6 min aftee tieduction process was also required

to obtain a stable background signal similar ta diahe AUNPs paper electrodes.
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Factorial design was applied to elucidate the nsighificant variables for
transducer preparation on different reduction salwesuch as 0.1 M 490, 0.1 M
NaOH and 0.1 M PBS (pH 7.0) by using chronopotengéitty. The variables studied
were the intensity of the current required for tteluction of GO, the time of
application and the concentration of GO, with themimum and maximum values
shown previously chosen. The objective was to meparthe intensity of the current of
the anodic peak of dopamine, and to achieve the@dbAEp, in order to improve the
performance of the sensors developed with thesesdteers. Every variable made a
different influence on the response depending erstiivent. When $$0, was used as
electrolyte, the GO concentration and its intemactvith the reduction current intensity
were the most important factors if we aimed thedstAEp. However, long time was
necessary for obtaining the highest anodic peatentimtensity, combined with the GO
concentration. GO reduction using PBS was foundetgreatly influenced by the time
applied, having the intensity of the current appleeweaker effect. Finally, in case of
NaOH, no statistically significant factors were molu The Pareto charts and 3D plots
obtained by multifactorial design were used to tdgrihe most significative variables
based on the optimization criteria: minimukkEp or maximum anodic peak current
intensity pa are in figures S4-S9. The best electrolyte for @Quction at paper-ink
electrodes was NaOH. The results of the influericavery variable are shown in Table
S2 and S3. The optimum conditions were: 100 mgl<$slution, employing a current
intensity of -100 pA for 60 s. Other possible ops for reduction were 100 mg/L of
GO, with -100 pA for 60 s in $$0, or 100 ppm GO -10 pA for 900 s in PBS. All these
possibilities were better than the unmodified papath higher peak current intensities,

better reproducibility and a more reversible elsgtemical process.
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The second procedure for modification with graghesxide and further
reduction also improves the electrochemical behaval dopamine obtaining current
intensity of 2.6 pA for the anodic peak andB, of 44 mV. The reduction of graphene
oxide in this case involved 5 cycles of cyclic aofimetry. This was faster, because

there was no need to dry the solvent. Resultsrerers at Table S6.

We can conclude that the procedures used to depasitreduce graphene oxide
generated the highest anodic intensity but alsohilgbest background. This could
difficult the determination of analytes with loweoncentration in comparison with the
modification with AuNPs. These procedures haveebetproducibility compared with

the AuNPs modification. They could result in moregise and reliable transducers with

a simpler synthesis procedure than other methaostzited in the literature [37-38].

The modification of the paper electrodes with G@svgtudied under the SEM
but GO could not be identified neither at the pagisc or their cross sections. Although
this nanomaterial could potentially be seen atSE#M [39], in this case the cellulose
matrix of the electrode could have hindered itedi#n. ATR spectra did not change
after the modification with GO as we can see inuRegS2. It is possible that the
sensitivity of this technique was not good enough characterize this type of

nanomaterial in a thick cellulose matrix.

3.2. Nanostructuration with hybrid nanomaterials (CNFsor GO with AuNPs)

15
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Paper-based electrodes were modified by combimatiof both carbon
nanomaterials and gold nanoparticles, yieldingduacers with the best electrochemical
featuresResults from both combinations were obtained atquiet time of 6 min after

adding the drop on the paper electrode.

The CNFs modified paper electrodes had a higheductive surface, and this
helped to improve the reproducibility of the eledeposition of gold. A factorial design
was used to reduce the number of experiments atichisp the procedure. This
factorial design was made involving the followingriables: current intensity, time of
application of the current intensity and AyCbncentration. All the factors summarised
in Figure S3 were found significant (p<0.05) inpesse of obtaining high current
intensity peaks and an electrochemical process mmrersible (lowerAEp). Best
conditions were the highest concentration, the dniglurrent intensity and the longest
reduction time (1 mM, -100 pA, 180 s) because @ tigher anodic peak current
intensity and better reversibility obtained withpaper with CNFs + AuNPs with an
oxidation current intensity of RA and a reversibility oAEp of 54 mV in comparison
with unmodified papers (jp= 1.4 pA,AEp = 220 mV) and papers modified with just
one type of these nanomaterials for dopamine awidafTable S7 show the results
obtained for the best hybrid combinations of nanens studied. The results of the
influence of every variable are shown on Tablesad S5. Results obtained for higher
gold concentration or higher reduction currentnsty did not show any improvement

on the response, and therefore they were discarded.

On the other hand, the GO-AuNPs hybrids were studvith the individual
optimal conditions (100 mg/L in NaOH by applyingealuction current intensity of 100
WA for 60 s, or reducing 4@L of 500 mg/L of GO by applying 5 cycles at cyclic

voltammetry). The results obtained showed a higherovement of the anodic process
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and more reversible electrochemical behaviour, @spared with paper substrates
modified with only reduced GO. The anodic peak entintensity was the highest, and
the peak separation the lowest, but non-faraddééctsf were very significant, with the
highest capacitive currents among of all the nanoosired possibilities explored
(Figure 4). Even though the two procedures of medalifon with graphene oxide have
similar results obtained with dopamine, the redurctby cyclic voltammetry results in
higher capacitive current, as compared with thempnocedure shown in Figure 4. The
electrochemical process of dopamine by multicydikammetry in paper ink electrodes
with reduced graphene oxide appears at lower pateas compared to the other case.
One possible hypothesis is the formation of AgCérothe reference electrode during

the reduction process due to the high concentratici'.

The combination of the three types of nanomatedalsnot make any improvement,

and therefore this option was not further explored.

3.3. Comparison of the modified paper-based electrodes

It has been shown that the modification of theepaglectrodes with several
nanomaterials (CNFs, rGO, AuNPs) produced diffeedettrochemical effects. Hybrids
of CNFs and AuNPs yielded the lowest capacitiveranit whereas the rGO with
AuNPs hybrids produced the highest anodic peakngityy Figure 4 summarizes the

most representative voltammograms.

Finally, in order to evaluate the improvement enstivity, the best electrodes
(rGO by NaOH with a reduction intensity currentldfO pA for 60 s with AuNPs and
CNFs with AuNPs) were tested by triplicate withreesing concentrations of dopamine
from 5 uM to 100 uM, and compared with those obtained with plain pap&wo

guantification techniques were used: square wav@mmetry (SWV, with 75 mV of
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amplitude, 20 Hz of frequency, 2 mV of step potantguiet time of 360 s) and
differential pulse voltammetry (DPV, with 20 mV pllse amplitude, 2 mV of step
potential, quiet time of 360 s). The best lineagression and sensitivity was achieved
for the hybrid structure of CNFs (DMF) and AuNPg,using DPV (ip (LA) = 0.0779

[Dopamine] (uM) - 0.049, R? = 0.989) with a LODBf uM (n=6).

INSERT FIGURE 4

3.4. Estimation of the resistance of paper-based electrodes by Electrochemical
I mpedance Spectroscopy (EIS)

Impedance measurements were carried out in ordevdtuate this property at the
system under study and how it is affected by thalifitation with nanomaterials.
Measurements of impedance were made on SPCE wpikr{based modified with the
best conditions. During a redox reaction at amctedee, the currents involved at the
capacitance of the double layer can be represditdtle Randles-Ershler circuit. The
corresponding Nyquist diagram is shown in figurénsgcomparison with some Nyquist
diagram measured on paper based modified with pammemomaterials and gold

nanoparticles.

INSERT FIGURE 5

From this plot, we can calculate the charge transésistance Rt and the solution
resistance R The latterin this case depends on the contact between SP@Ehan

paper electrode. We have also carried out measuatsraeimpedance on bare SPCE, to
calculate the resistance obtained on the papetr@tiecby substracting this value from

the total reading. Results are shown in table 1.

Resistance between the contact of the SPCE arahthen ink on a non-nanostructured

paper was 14€. This value decreases with the modification witli\#®s, and it is the
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reason for the lower background at the voltammogadndopamine (figure 4). In
contrast, reduced graphene oxide increases trstaese, in agreement with the higher

capacitive current shown at figure 4.

The charge transfer resistance (Rt) in turn haal lbwest values for the
combinations of rGO-AuNPs and CNFs-AuNPs. This rigsbpbly due to the higher

conductivity of the system.
Insert Tablel

We have studied the variation of,Eand E at different scan rates for these
nanomaterials electrode modifications. The reprasem of (E. - E;) vs. scan rate
gave a bad linear regression coefficient. It cduddconsidered that the processes are
reversible, since there was no influence of then sede. The representation of peak
intensityvs 2 was linear, indicating that the processes in oarkwvere diffusion

controlled.

Regarding mass transfer processes, for reversyislems, surface concentration
of electroactive species depends only on the pateiiherefore, in our work, it can be

considered that peak currents are independenteogaebmetry of the electrode.

4. Conclusions

Paper working electrodes were modified by the dijom of several
nanomaterials in order to improve the conductiafythe transducer and obtaining a
better electrochemical signal. SEM-EDX and impedanmeasurements were
appropriate to characterize ink modified paper sabss unmodified and modified with
CNFs or AuNPs and observe the influence made bynh#mmaterials added on the
resistance and conductivity parameters of the losku system. Optimization of the

transducers was carried out aiming the maximum iarmehk current for dopamine, and

19



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

the minimum peak separation. The best transducense whose obtained with a
combination of carbon nanomaterials and gold nantigpes: rGO-AuNPs and CNFs-
AuNPs. These nanomaterials increase the conduyctnit the system improving
intensity currents and reversibility of the dopaenmxidation. Peak currents could be
considered independent of the geometry of the reléet The LOD for dopamine
determination was 14 pM for CNF-AuNPs and 20 pM@80O-AuNPs. These results
could be applied to other analytes. This work ogéespath for the development of low
cost sensors with improved analytical charactesstirough the use of metallic and/or
carbon nanostructures on paper substrates. Asefpnspectives, it is also possible to
develop a multiple layer portable sensor with thesibility to tune the modification of

the paper layers for a given purpose.
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Table 1. Charge transfer and surface resistance of hexacyanoferrate (l1/111) 0.01 M
corresponding to impedance measures at modified and unmodified paper electrodes. Values
shown are the average of 3 measurements at independent electrodes.

Unmodified SPCE 184.9 £ 30 246 £ 57
Unmodified paper 144 +3 392+14 146
AuNPs 139+ 10 328 +21 82
CNF 175.1+50 409 + 19 163
CNF+ AuNPs 99.8+6 343 +74 97
rGO 99 +7 411+42 165
rGO-AuNPs 84 +17 396 £ 53 150
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Figure 1. Schematic diagram showing the preparation of the paper electrodes used in this
work. (A) Modification of the upper part of the paper with both carbon nanofibers (CNFs) and
electrodeposited AuNPs. (B) Modification of the upper side of paper with graphene-oxide (GO)
before overlaying it on the screen-printed electrode card to electrodeposit AuNPs. (C)
Modification of the upper part of paper with both GO and electrodeposited AuNPs
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Figure (2). A) SEM micrographs of a paper disc with a carbon ink contact at one side. (A1)
Morphology of the upper side (unmodified cellulose network). A2) and A3) Cross section with
two different magnifications. (B) SEM images of a CNFs modified paper with carbon ink contact
below. B1) Micrograph of the upper side. B2) Cross section.
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Figure (3). A) Backscattered electrons image of a AuNPs modified paper B) EDX spectra at 3
different points confirming the presence of gold and another paper impurities.
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Figure 4: (A). Cyclic voltammetry of an unmodified paper electrode and several modified paper
electrodes with different combinations of nanomaterials.
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Figure 5: Nyquist diagram obtained in paper-based working electrodes modified with carbon
nanomaterials and gold nanoparticles. The electrochemical probe was hexacyanoferrate (l1/Il1)
0.01 M prepared in a 0.1 M Tris-HNO; pH = 7.0 buffer.





