In situ gold-nanoparticle electrogeneration on gold films deposited on paper for non-enzymatic electrochemical determination of glucose
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Abstract

This work describes the development and evaluation of a new electrochemical platform based on the sustainable generation of gold-nanoparticles on paper-based gold-sputtered electrodes. The disposable porous paper
electrode is combined with screen-printed electrodes for ensuring a precise electrogeneration of nanoparticles and also for the evaluation of these simple, versatile and low-cost microfluidic devices. Two types of
chromatographic paper with different thicknesses have been evaluated. Resulting pPaper gold working electrodes modified with gold nanoparticles were characterized by scanning electron microscopy and cyclic voltammetry
using potassium ferrocyanide as a common redox probe, showing an improved electrochemical performance when compared to-the bare gold electrodes. The platform has been applied to the non-enzymatic determination of
glucose, molecule of enormous interest. The porous gold structure made by paper sputtering on paper, modified with electrogenerated nanoparticles allowed precise and accurate determination of the analyte in beverages at

low potential.
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1 Introduction

This is the golden age of electrochemistry, a field at the nexus of many developing technologies [1]. In this area, energy storage devices and electroanalytical platforms are being widely explored. This is mainly due to the
advances in materials and their uses [2,3] and also into the design of miniaturized platforms [4,5] that open the field to new opportunities. Particularly, electroanalysis has moved from the use of conventional cells that include mercury
and solid (metallic or carbon) electrodes to other with more advantageous electrodes. Glass or polymeric cylinders that were commonly the bedysupport of the-conductive elements (e.g., carbon paste [6]) and incorporated with-an
inner connection to the potentiostat turned into flat surfaces where all the three electrodes are included in a small area [7,8]. A container is not required sinceasd e.g., a dielectric layer [9] or just the hydrophobicity of the substrate

[10] eliminates its necessity.

Hewever—aAlthough their small size and mass-production widespread the use of theseceramic or polymer-based devices, it was not until Whitesides’ group introduced microfluidic paper-based analytical devices (WPADs) [11]
where a new milestone was set. The first electrochemical paper-based analytical device (ePAD) [12] was rapidly followed by different electrochemical transducers [10,13-26]-48. Apart from the coupling of wires or fibers [15,20,21],
thin and thick-film technologies are employed to integrate conductive materials into paper substrates. Noble metal electrodes are an alternative to carbon [10,14,16,22,23] electrodes and can be easily obtained using thin-film

technologies [17,24-26] that maintain the 3D porous structure of paper and do not require printing inks or curing processes.

On the other hand, different nanostructures, mainly carbon nanotubes [27], graphene [28] or metallic nanoparticles [29] have been used as electrodes themselves or as modifiers of electrodes in ePADs. The electrodeposition of
nanoparticles offers the possibility of -n-—sitwin situ generation on the working electrode in a simple, fast, #srere reproducible, controlled and localized way. in—the-werking—eleetrede—In addition, electrochemical generation of gold
nanoparticles (AuNPs) does not requires ligands such as citrates to stabilize the resulting nanoparticles [30]. In this ligand-free approach, the surface of the nanoparticles is not covered by molecules that decrease their specific surface

activity. However, most researchers use wet chemistry in ePADs [31-33], and although AuNPs-modified paper-based carbon electrodes hasve been reported, e.g., for As determination [23], there are no references on any gold thin-film



ePAD modified with gold nanoparticles (neither by wet chemistry or electrodeposition).

Gold is a material with characteristics differing from those of carbon and they can be exploited for interesting applications: i) simple immobilization chemistries, e.g., self-assembly of thiol-labelled molecules [34] being this
metal reasonably inert [35], ii) differential electrochemical behavior, e.g., the reduction of chromium (VI) produces an electrochemically reversible wave in gold, in contrast to those recorded at glassy carbon [36]; or iii) adsorption of

species, e.g., heteropolyanions, that occurs with different intensity depending on the electrode material [37].

As a proof-of-concept, we tested the feasibility of thea gold ePAD modified with {AuNPs) to determine glucose. Non-enzymatic determination of small molecules is an area of continuous interest [38,39] and electrode
nanostructuration is one of the explored ways [40]. Apart from other nanoparticles, AuNPs were evaluated with this aim, not only on carbon but also on gold electrodes [41]. Interestingly, glucose can be partially oxidized at bulk Au
electrodes [42] and several carbon nanogold electrodes for non-enzymatic glucose sensors have been developed [43,44]. In our case, the paper acts as a porous template for sputtered gold, that facilitates mass transport. On the other
hand, AuNPs increase the active area favoring rapid electrochemical reactions. This 3D porous nanostructured material is employed for the first time for non-enzymatic glucose determination using disposable low-cost platforms that

are a promising alternative to AuNPs-carbon ePADs for decentralized analysis.

2 Experimental
2.1 Chemicals, materials and apparatus

Potassium ferrocyanide trihydrate (K,[Fe(CN)gys]:3H,0) was purchased from Sigma-Aldrich. Sodium hydroxide, potassium chloride,—and ortophosphoric acid (90%)-and-,anhydrous D-(+)-glucose, were—supptied—byMerek:
and Titrisol® Gold-Standard (10.15 mM AuCl, in 2.0 M HCI solution) and-petassium-chteride were supplied by Merck. All the solutions were prepared in Milli-Q water (Merck Millipore).

Whatman chromatographic papers grade 1 (180-um thick) and grade 3MM (260-um thick) were obtained from GE Healthcare Life Sciences. Screen-printed carbon electrodes (SPCEs) model DS110 were manufactured by

DropSens.

A Sputtering DC model CD 004 from Balzers was employed for gold deposition. Electrochemical measurements were made using an Autolab PGSTAT potentiostat model (PGSTAT12) from Metrohm (USA). A Mettler Toledo
(AB54) balance, a Crison Micro-pH 2001 pH-meter, a magnetic stirrer Asincro (J.P. Selecta), Digital Multimeter Model (DT9205A) were also employed.

2.2 Fabrication of paper-based gold electrodes

All the steps are schematized in Fig. 1. Whatman chromatographic paper was wax-printed with a pattern designed with Adobe Illustrator CC software. The pattern consisted of 6-mm diameter circles with 0.7 mm of drawing
stroke in order to obtain circles of 4 mm radius after wax melting in a hot plate at 110 °C during 2 min to create hydrophobic barriers. Once the wax was melted, the sheets were cut into 60 mm x 75 mm pieces. A plastic sheet was
placed under the paper as a backing protective layer. This ensemble was covered with gold in a sputtering process, with a 20-mA discharge applied for 240 s. Then, the backing was removed and the conductive layers were protected
with plastic covers (4-mm diameter circles of transparency film). Adhesive spray was deposited on the hydrophobic wax area. Covers were removed and sheets were cut into conductive aad-adhesive discs (4 mm-diameter hydrophilic

area and 0.5-mm hydrophobic adhesive rim) using a paper punch.
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Fig. 1 Schematic representation of the fabrication and coupling of paper-based gold working electrodes (PAUWES): (i) wax-melting after wax-printing, (ii) cutting and protection with a plastic sheet, (iii) gold sputtering, (iv) protection of the conductive layer with plastic covers, (v)

addition of adhesive in spray, (vi) removal of plastic cover after cutting the PAUWE, (vii) placement over the working electrode of the SPCE, (viii) final platform composed by the PAUWE with external reference and counter electrodes from the SPCE.
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Gold paper electrodes were then combined with SPEs, fixing the paper on the working electrode (WE), which acted as connection to the potentiostat. This was previously washed with Milli-Q water and dried. The adhesive side
was placed over the ceramic card in such a way that the conductive layer is in direct contact with the carbon spot and the adhesive part is just on the ceramic circular crown situated between working and counter/reference electrodes.

Taking into consideration that the adhesive is not hydrophilic and that it is placed in between the electrodes, contamination is not probableexpeeted. The upper side is porous paper where the solution is dropped. It and-arrives to the inner

gold part of the paper by capillarity. The silver pseudo-reference and carbon counter electrodes of the SPCE card acted as external electrodes. In order to compare the electrochemical behavior of glucose using AuNPs paper-based

carbon electrodes, drop-casted carbon electrodes were prepared as reported in a previous work [23].

2.3 Characterization of paper-based gold electrodes modified with gold nanoparticles

Cyclic voltammetry (CV) was performed in K,;Fe(CN)g solutions in 0.1 M phosphate buffer (PB) pH 7.0 with 0.1 M KCl scanning the potential from —0.1 to + 0.5V vs. the pseudo-reference electrode of the SPE at a scan rate of
100 mV s*=,

In addition, the topography of the PWEs and AuNPs-PWEs was examined by scanning electron microscopy (SEM). For these studies, samples were placed perpendicularly to the electron beam with a working distance of 10 mm

and 20 kV of extraction tension in a JEOL (model 6610LV) microscope.

2.4 Glucose determination in real samples

In order to know the electrochemical behavior of D-(+)-glucose using the modified paper-based gold electrodes, CVs (and linear sweep voltammograms, LSVs) were recorded on 50-pL D-(+)-glucose solutions in 0.1 M NaOH

scanning the potential in different windows at a scan rate of 100 m¥-smV s*=L.

Real samples were diluted conveniently in 0.1 M NaOH and 50-pL aliquots were deposited on the integrated platforms (AuNPs-PAuWE-SPCE), with all the electrodes covered. CVs were recorded scanning the potential from -0.3
to + 0.5V at a scan rate of 100 m¥smV s®=L. Determination of the concentration was made by comparison with an external calibration curve. In order to test the accuracy of the results obtained, samples were also analyzed using a

commercial glucose kit with spectrophotometric detection.

3 Results and Diseussiondiscussion
3.1 Fabrication and characterization of nanostructured paper-based gold electrodes

A paper-based gold-sputtered paper—working electrode (PAuWE) was employed as the substrate for sustainable generation of gold nanoparticles (AuNPs) constituting a new porous electrochemical platform. For the
nanostructuration, no extra reducing agents are required since nanoparticles are generated by electrochemical reduction of AuCl,". This ensures an intimate electrical connection to the gold film. Whatman chromatographic papers
Ggrade 1 and 3 MM were evaluated. Although a paper-fully-based three electrode cell could be employed, SPCEs are robust platforms that can be employed as support for nanostructuring paper and, alternatively, also to perform
analyte determination. Although SPEs can break, one advantage is that they do not need any phisiealphysical support, they are mechanically more stable than paper (in the case of paper this could be achieved by previous silanization
[10]) and they can be easily washed and dried. Individual modification of the working electrode can be made and, if no adsorption occurs on the carbon surface, itthey could be reused. Moreover, they incorporate a silver electrode, that

although pseudo-reference, produces stable potentials for the generation of nanoparticles.

For the electrogeneration, direct reduction of Au(IIl) to Au(0) on the electrode surface is performed, galvanostatic or potentiostatically. Better results, in terms of precision, were obtained with the first procedure, previously

employed in our group withon SPEs [45]-n-terms-efpreeision. A constant current of —100 pA that produces the reduction of Au(III) to Au(0) is applied during different times in a 10.15 mM acidic solution of AuCl,” (2.0 M in HCI).

Before using AuNPs-PAuWEs for electroanalytical purposes, they are washed with Milli-Q water to reduce the capacitive current (Fig. 24A, inset). The charge of the electric double layer, responsible for the magnitude of this
current, depends on several parameters such as: electrode material, supporting electrolyte, specific adsorption of ions and molecules, and temperature, with its thickness depending on the bulk electrolyte concentration and the ion
charge among other factors [46]. Since all the variables remain very similar, the adsorption of ions and molecules (including AuCl, ions, present mainly before washing, in equilibrium with Au** and CI') seem to be the main responsible

for the change in the capacitive current before-and-after washing.
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Fig. 2 (A) CVs recorded in 0.1 M PB (pH 7.0) with 0.1 M KCl before and after the washing step (inset) and in 1 mM K,Fe(CN)g solution in 0.1 M PB (pH 7.0) with 0.1 M KCl using an unmodified PAUWE and a AuNPs-PAUWE coupled to SPCEs. (B) Anodic and cathodic peak currents
obtained by CV in 100 pM K,[Fe(CN);¢] solutions using AuNPs-PCWEs in Whatman Sgrade 1 and 3 MM papers where AuNPs were generated galvanostatically with different times. Potential swept from —0.1 to +0.5 V -¥s:vs. Ag pseudo-reference at 100 mV s#=1. (C) Effect of the scan
rate on peak currents obtained recording CVs (inset) in a 100 pM K Fe(CN)g solution in 0.1 M PB (pH 7.0) with 0.1 M KCl at several scan rates: 10, 25, 40, 50, 100, 150 and 200 mV =t using AuNPs-PAuWESs coupled to SPCEs. (D) CVs recorded sweeping the potential from —0.1 V t
+0.5 V at a scan rate of 100 mV s*=! in K,Fe(CN)g solutions of different concentration, increasing from a to e. Inset: Calibration plots of anodic and cathodic peak currents.
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The electrochemical behavior of resulting platforms was tested by CV using a 1 mM solution of K,Fe(CN)g in 0.1 M phosphate buffer (PB) pH 7.0, 0.1 M in KCl, as a well-known redox probe. A 50-pL solution was deposited on
the paper and three CVs were recorded at 100 mV s®=, The faradaic process of the ferro/ferri system using bare PAUWEs and the-nanostructured AuNPs-PAuUWEs is shown in Fig. 2A. The intensity of the current increases ten times for
nanostructured AuNPs-PAuWEs in comparison to unmodified PAUWEs and also reversibility is enhanced. Moreover, the ratio between anodic and cathodic peak currents changed from 0.80 + 0.05 (PAuWEs) to 0.99 = 0.05 (AuNPs-
PAuWESs). The values for the currents (anodic and cathodic-respeetively) obtained on AuNPs-PAuUWEs were 4.72 + 0.09 and —4.76 = 0.12 pA respectively, meanwhile these values were of 0.67 + 0.13 and —0.82 + 0.11 pA on unmodified
electrodes. The difference between anodic and cathodic potentials changed from this of a quasi-reversible process, 110 = 6 mV, to this of an almost reversible process, 64 + 4 mV. Therefore, these platforms seem to be very convenient
for electroanalysis since the faradaic current is notably increased as well as the reversibility of the process. Optimization of electrodeposition variables was carried out nanostructuring PAUWEs in triplicate and recording CVs in
10.15 mM AuCl, acidic solution. Currents of —10, —20, —50 and —100 pA were checked for 1000 s, obtaining better results with the highest value of current. Similarly, —100 pA were applied and electrolysis was maintained for times
comprised between 1500 and 9000 s in both Whatman papers, followed by three washings with Milli-Q water. Peak currents obtained in CVs recorded in 100 pM K,[Fe(CN)g] solution are shown in Fig. 2B. A time of 6000 s was
appropriate to generate gold nanostructures on Whatman Ggrade 1 PAUWESs because high and precise signals are obtained. Higher times produce a decrease in peak currents and precision, which may be indicative of gold detachment.
On the other hand, thicker and more expensive Whatman 6grade 3 MM required the same time for obtaining similar currents. In all the cases, there is a significant increase (ca.-ea 48 and 7 times for 6grade 1 and 3 MM, respectively)

compared to the unmodified PAUWE (first point of the plots in Fig. 2B), which can be promising for increasing the sensitivity of electroanalytical platforms. Whatman Sgrade 1 PAUWEs were employed as substrates for electrogeneration



of AuNPs.

In order to know the nature of the redox process on this new platform, the dependence of the peak current on the scan rate was evaluated in 100 pM K,Fe(CN)g solutions. CVs were recorded for three different AuNPs-PAUWEs
coupled to SPCEs (Fig. 2C, inset). A linear relationship was found when peak currents were represented -¥s:vs. the square root of the scan rate between 10 and 200 mV s*=! (Fig. 2C) with R? = 0.9953 and 0.9964 for anodic and cathodic
peak currents respectively. This indicated that the reversible process takes place under mass transfer regime of semi-infinite diffusion control. However, it can be seen that there is lower peak potential separation at lower scan rates (it

moves from 31 to 700 mV when scan rate varies from 10 to 200 mV s*™), which can be indicative of the introduction of kinetic control on the shorter time scale or a small amount of uncompensated resistance. The influence of the

concentration on the peak currents was evaluated from 1 to 1000 pM (Fig. 2D). The linear calibration plots are shown in the inset, each point being the average of three different devices. Equations were iy, (pA) = 0.0091 C (uM) +

0.0045 and |ipe| (nA) = 0.0097 C (uM) — 0.0073. Good linearity (R%>_0.9995) was observed in all the range indicating this platform could be satisfactorily employed asin a new generation of electroanalytical sensors.

Once the gold nanostructuration on PAUWEs was optimized, the morphology of the AuNPs generated on Whatman Sgrade 1 PAuWEs was studied by scanning electron microscopy. Fig. 3A-C compare the morphological features
of the unmodified PAUWE with those of a AuNPs-PCWE obtained electrodepositing gold for 6000 s. Fig. 3A shows a SEM image of a PAUWE cross-section after depositing gold by the sputtering process, where a network of fibers is
observed. After nanostructuration (Figs. 3B and 3C, different scale), AuNPs connected to the gold surface on the cellulosic fibers. The average diameter (56 + 16 nm) was estimated taken from the amplified image (20 samples). Clusters

of 170 + 44 nm are also found in some regions.




Fig. 3 Scanning electron microscopy cross-section images of a PAUWE x300 (A), AuNPs-PAUWEs x250 (B), and AuNPs-PAuWEs %45880x15,000 (C).
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3.2 Non-enzymatic determination of glucose with nanostructured paper-based gold electrodes

Once paper-based electrodes have been nanostructured, their usefulness and applicability was demonstrated through the non-enzymatic determination of glucose by CV. Generally, the use of enzymes increases the cost of the
devices and the precision could be compromised if the bioactivity is not guaranteed. Fig. 4A shows CVs recorded in 10 mM glucose solutions in 0.1 M NaOH on different paper electrodes: drop-casted carbon and sputtered gold.
Comparison between bare and nanostructured electrodes (with AuNPs) is also shown. There is no signal for glucose oxidation on the bare carbon electrode. However, the bare gold electrode (PAUWE) showed two anodic peaks (at
—ea=ca. +0.080 and +0.220 V). Then, this is an example that indicates that the use of gold electrodes is required for some specific applications. At lower concentrations of glucose only one peak appears. The presence of a second
process could be due to an adsorption post-wave. A two-step mechanism has been suggested for glucose electrooxidation in alkaline solution on bulk gold electrode [42], with electrosorption of glucose by dehydrogenation in basic
medium and further oxidation to gluconolactone that is later hydrolyzed to gluconic acid [42,43]. It can be observed that gold possesses lower overpotential for hydrogen evolution. The signal on the AuNPs-PAUWE is higher than that of
the unmodified PAUWE. Although nanostructuration of drop-casted carbon paper electrodes (AuNPs-PCWEs) has been very convenient for different applications (e.g., arsenic determination [23]) and permit oxidation of glucose, it does

not allow to obtain higher signals than those presented on AuNPs-PAuWESs.
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Fig. 4 (A) CVs recorded at 100 m¥-smV s*=1in 10 mM D-(+)-glucose solutions in 0.1 M NaOH on different paper-based electrodes coupled to SPCEs. (B) LSVs recorded for different concentrations of D-(+)-glucose (0.01, 0.1, 1.0, 2.5 and 5 mM) in 0.1 M NaOH using AuNPs-PAUWEs
coupled to SPCEs. The calibration plot is shown in the inset. Data are given as average *+ SD &=3}—(n = 3). Potential is scanned at 100 m¥-smV s*=L, (C) Results of the determination of glucose in real samples using three different methodologies. Data are given as average * SD {a=3-(

=3 for AuNPs-PAUWESs and spectrophotometric methodologies and #=4-n = 4 for PCWEs).
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Glucose oxidation process obtained at the lowest potential (+0.080 V) is & better peatfor precise determination without interferences from fructose and sucrose (data not shown) and therefore, it was here employed. A
calibration curve performed in the range comprised between 0.01 and 5 mM, is presented in Fig. 4B, with each point the average of three measurements. A linear relationship was obtained with a R? =6:998—= 0.998. The slope and

intercept were 19.01 * 0.04 pA-mMpA mM~! and 66.4 + 0.3 pA, respectively. The limit of detection (LOD) calculated according to the 3S, / m criterium, where S, is the standard deviation of the intercept and m is the slope of the linear

range, was 6 pM.

Real samples of orange juice, cola and energetic beverages were analyzed using AuNPs-PAUWEs and the results were compared with those obtained using a commercial enzymatic kit with spectrophotometric detection and
with those obtained enzymatically with an electroanalytical platform containing a PCWE and wire reference and counter electrodes [15]. Results obtained by the different methodologies are shown on Table 1. The application of the #

Student's test demonstrates that there were no significant differences between the values given by the commercial kit and our paper platforms at a 0.05 significance level. Good accuracy and precision of this methodology reveal a



promising future for these low-cost electroanalytical platforms.

Table 1 Results for the determination of glucose in real samples using the methodology here proposed (non-enzymatic, AuNPs-PAUWES), a commercial enzymatic kit with spectrophotometric detection and an
electrochemical platform based on AuNPs-PCWEs with wire RE and CE (enzymatic assay).

alt-text: Table 1

Real sample AuNPs-PAuWEs on SPCEs (non-enzymatic, g/100 mL) PCWEs with wire RE and CE (enzymatic, g/100 mL) Commercial kit (g/100 mL)
Orange juice 2804 3.0 0.3 29%0.2
Energetic beverage 3.4 0.3 3.6 +£04 3.5 0.2
Cola beverage 4.0 £ 0.5 4.2 +0.7 4.1 £ 0.3

Data are given as average * SD (n =3-= 3 for AuNPs-PAuWEs and the spectrophotometric kit; i=n = 4 for PEWES)PCWES).

4 Conclusions

Paper-based gold working electrodes are combined with SPCEs for reproducible electrochemical generation of gold nanoparticles. Although a different platform could be employed [21], SPCEs are also useful for detection.
Ferrocyanide, a well-known redox probe, was employed for evaluation of the final platforms. Since its redox process was notoriously improved when AuNPs are employed, the use of AuNPs-PAuWEs in bioassays involving the use of
ferrocyanide as mediator is promising. On the other hand, we have demonstrated its potential for non-enzymatic glucose determination. Glucose is directly measured by LSV on AuNPs-PAuUWE-SPCEs at low potentials. The limit of

detection was 6 pM with a linear range comprised between 0.01 and 5 mM. Glucose was determined in real food samples precise and accurately, which encourages us to extend its use to different applications.
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