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Abstract 21 

In this work, we detail the progress of a novel electrochemical disposable device, 22 

which has a relative low cost and easy production, with a novel conductive ink, that 23 

consists of graphite and automotive varnish mixture, deposited over a self-adhesive 24 

paper, granting an easy production with relative low cost. The electrode surface was 25 

characterized by scanning electron microscopy, X-ray powder diffraction and Fourier 26 

transforms infrared and Raman, cyclic voltammetry and electrochemical impedance 27 

spectroscopies. In addition, the proposed electrode was applied for individual 28 

electrochemical determination of dopamine and serotonin. The device achieved a linear 29 

response between 30 to 800 µmol L−1 and a limit of detection (LOD) of 0.13 µmol L−1, 30 

by square wave voltammetry for dopamine and a linear range from 6.0 to 100 µmol L−1, 31 

with a LOD of 0.39 µmol L−1, by differential pulse voltammetry. Later, the working 32 

electrode was modified with glucose oxidase and dihexadecyl phosphate film in order to 33 

obtain a biosensor. At this stage, CV was applied to detect glucose in the range of 1.0 to 34 

10 µmol L−1 and LOD of 0.21 µmol L−1. By three different techniques and analytes, the 35 

sensoring and biosensoring processes presented high reproducibility. The proposed 36 

adhesive electrode is easy to prepare, disposable, within non-restrictive nature, which 37 

allows an approach of a new device for electrochemical sensing and biosensing. 38 

Keywords: disposable electrode, point-of-care, self-adhesive paper, 39 

neurotransmitter, glucose. 40 

41 
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1. Introduction 42 

The recent interest in ridding patients of the dependence on a sophisticated 43 

laboratory and more advanced and expensive technologies for a diagnosis has been 44 

moving global science, which, allied to innovative advances, such as the use of 45 

miniaturized devices, wireless communication and nanomaterials, prove the point-of-46 

care (POC) potentiality. (Goldstein, 2003; Schultz, 2001; Syedmoradi et al., 2017; 47 

Zarei, 2017). In this context, they present attractive qualities, such as practicality, ease 48 

of use, relative low cost and short time response, while also require minimal equipment 49 

operation and specific knowledge. As one of the major uses of such devices is the 50 

monitoring of diseases that requires routine tests, such as diabetes, POC devices can be 51 

performed with focus on the patient, increasing the healthcare system efficiency 52 

(Goldstein, 2003; Schultz, 2001; Syedmoradi et al., 2017; Zarei, 2017). Another 53 

advantage of POC devices is the acceptance of common and disposable materials, 54 

favoring a more sustainable approach (Janegitz et al., 2014; Johari-Ahar et al., 2018; 55 

Lamas-Ardisana et al., 2018; Xu et al., 2018). Some recent works have been proposed 56 

by using disposable inert substrates for electrochemical devices (Dunn, 2003; Mittal, 57 

2003; Orzari et al., 2018; Tortorich et al., 2018), with a relative lower cost than 58 

conventional electrodes with similar performance. Nowadays, adhesives are commonly 59 

found in our environment, being frequently attached to cellulose substrates, as stamps, 60 

stickers, many everyday tapes and even medical plasters (Negash et al., 2015; 61 

Purushothama et al., 2018; Sharp and Burkitt, 2015). In this regard, adhesive paper is an 62 

interesting alternative for different applications (Dunn, 2003; Mittal, 2003). Paper is a 63 

substrate for novel electrochemical systems that has been gaining attention in the last 64 

years (Ge et al., 2012; Lee et al., 2018; Tortorich et al., 2018; Wang et al., 2017), which 65 

presents biocompatibility and biodegradability. Therefore, adhesive papers can increase 66 
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the field application, as no set place is needed for the measurement, also bringing all 67 

advantages of regular paper.  68 

Being highly known for its conductive properties, graphite is a superposition of sp2 69 

carbon sheets, which produces interesting anisotropic effects. In graphite, the carbon 70 

interactions may be limited between planes, conferring some resistivity, being an 71 

excellent thermal and electrical insulator (Fukushima et al., 2006; Pierson, 2012; Tian et 72 

al., 2013). Also, it is easily sheared, as the interlaminar strength is considerable low. 73 

However, due to its σ bonds, graphite has admirable electrical conductivity at laminar 74 

planes, being even higher than some metals (Fukushima et al., 2006; Pierson, 2012; 75 

Tian et al., 2013). Also, its whole structure can present vacancies, dislocations and other 76 

structural imperfections, which could lead to a lower density, allowing it to be 77 

considered one of the lighter refractories (Khomenko et al., 2008; Li et al., 2005; 78 

Pierson, 2012). These properties, along with its chemical inertia (Pierson, 2012), favor 79 

the development of electrodes (Negash et al., 2015; Purushothama et al., 2018; Sharp 80 

and Burkitt, 2015) and conductive polymeric inks (Grisales et al., 2016; Phillips et al., 81 

2017), in a raw proportion of up to 50% (1:1 graphite:polymer) of final composition, 82 

without any electrical conduction loss (Pekarovicova and Fleming, 2005). The literature 83 

has been presenting a range of works in which carbon-based inks are used in the 84 

development of different electrochemical systems (Jaiswal and Tiwari, 2017; Sharp and 85 

Burkitt, 2015).  86 

As proof of concept, we applied the device towards the individual detection of 87 

dopamine and serotonin, two of the most electrochemically well acknowledged and 88 

important catecholamines in mammals, mainly due to their connection with several 89 

behavioral dependence and Parkinson disease (Baccarin et al., 2017; Berridge and 90 

Kringelbach, 2013; Fox et al., 2009; Goldstein, 2003; Iversen et al., 1977; Mayeux et 91 
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al., 1984; Schultz, 2001; Sharma et al., 2018; Vyazovskiy et al., 2007). After, we 92 

modified its surface with glucose oxidase (GOx), demonstrating the sensitive detection 93 

of glucose, an essential monosaccharide, that has substantial impact in the brain 94 

behavior, as well as its discrepant rates are the cause of diabetes (Arslan et al., 2011; 95 

Blair, 2016; Cryer, 2016; Dwier, 2002; Janegitz et al., 2011; Pisoschi, 2012; Wang and 96 

Lee, 2015). 97 

 98 

2. Experimental 99 

2.1. Chemicals and reagents 100 

All reagents used in the present work were purchased from Sigma-Aldrich 101 

(Germany) and/or Fluka (Brazil), in analytical grade. Ultrapure water (Megapurity, 102 

USA), with resistivity > 18 MΩ cm, was used for the preparation of all electrolytic 103 

solutions. Dopamine and serotonin were purchased from Sigma-Aldrich (Germany). 104 

The graphite powder (Gr) used was obtained from Fischer Chemical (USA), and the ink 105 

polymeric vehicle was the automotive varnish from Sherwin-Williams (Brazil), 106 

Lazzudur 2K Auto Brilho (AV). For electrochemical characterization of the device, as 107 

well as dopamine detection, 0.1 mol L−1 phosphate buffer (Sigma-Aldrich, Germany) 108 

(PB) solution (pH 6.1) was used as supporting electrolyte. Glucose biosensing was 109 

performed in 0.05 mol L−1 PB solution with pH 7.0 for optimal glucose oxidase (Sigma-110 

Aldrich, Germany) (78 units per electrode) activity. 111 

2.2. Apparatus 112 

A Tescan VEGA-3 LMU microscope was used to perform the scanning electron 113 

microscopy (SEM), with an accelerating voltage of 10 kV, in low vacuum mode with 50 114 
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Pa. Fourier transform infrared spectroscopy (FTIR) was carried out with a Tensor II 115 

spectrophotometer (Bruker), in 4.0 cm−1 resolution and transmittance mode from 400 to 116 

4000 cm−1. Raman spectra were obtained using a B&W Tek i-Raman BWS 415-785H 117 

spectrometer, with an excitation laser of 785 nm. A B&W Tek microscope BAC151A, 118 

coupled to the spectrometer was used, with 3.5 cm−1 spectral resolution, in the spectral 119 

range of 0.5 to 2500 cm−1, acquisition time of 120 s, and laser power of 70 mW. The x-120 

ray diffraction (XRD) was performed by a Miniflex II x-ray diffractometer (Rigaku), 121 

with a CuKα radiation source (λ = 0.15406 nm), from 3º to 90º angular recording range, 122 

with a step of 0.02º and 10º min−1 analysis time. All electrochemical measurements 123 

were performed with an Autolab PGSTAT204 (Eco Chemie) potentiostat/galvanostato 124 

(with FRA32M module) managed by NOVA 2.1.3 software. An 827 pH-meter 125 

(Metrohm) was used for pH measurements. The conductive ink was mixed and milled 126 

with a dual asymmetric centrifuge (DAC) SpeedMixer™ Dac 150.1 FVZ-K (FlackTec 127 

Inc) and the electrodes were cut with a cutting printer (Silhouette, Cameo 3). 128 

2.3. Preparation of the conductive ink 129 

In the ink technology field, it is common to prepare inks by suspending pigments 130 

in a resin/polymer vehicle. For the electrically conductive materials, specific 131 

components are added to the formulation, granting the desired aspects. Here, as well as 132 

the colorant, Gr was used as the conductive material. Therefore, 7.2 g of Gr was added 133 

to an aliquot of 18 g of AV, corresponding to 30% of desired final ink mass. 134 

Afterwards, the suspension was mixed for 3 cycles of 3500 rpm for 90 seconds in 135 

SpeedMixer. It is important to highlight that this mixer has dual asymmetric centrifuge 136 

that milling, mixing and consequent heating of particles. Therefore, there was no need a 137 

polymeric curing agent, and the ink could easily solidify at room temperature. 138 
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 139 

2.4. Preparation of the disposable electrode, modification and electrochemical 140 

measurements 141 

Figure 1 illustrates the disposable device (Gr-AV) preparation. Firstly, the graphite 142 

ink is applied on an adhesive paper sheet, respecting the edges of the cutting printer 143 

(Silhouette, Cameo 3), which is used to cut the format of the devices. Then, it was 144 

waited 40 minutes for the ink to dry. Succeeding, the excess is removed and properly 145 

discarded, resulting in a sheet full of disposable devices with working (Ø = 4.5 mm 146 

diameter), counter and reference electrodes, ready to use. A video of this process is also 147 

available in the supplementary data (Video 1). For the biosensor (Figure 1B), 10 µL of 148 

GOx and dihexadecyl phosphate (DHP, 1.0 g L−1) solution was previously prepared and 149 

casted on the working electrode surface and let dry overnight at 10 ºC. 150 

FIGURE 1 151 

To execute the electrochemical measurements, the device was adhered to a 152 

polyethylene terephthalate substrate and later to a connector previously built by the 153 

group (Orzari et al., 2018), as observed in Figure S1A (supplementary material). 70 µL 154 

of supporting electrolyte and analyte solution was cast on the disposable system and 10 155 

s of waiting time was standardized in dopamine analysis, due to the absorptive nature of 156 

paper. The waiting time for glucose biosensing was 60 s, aiming the enzyme reaction 157 

and to standardize the water absorption problem. 158 

2.5. Detection and samples preparation 159 

As previously mentioned, both analytes have interesting impacts in modern human 160 

society: dopamine has a well-known relation to human desire, behavior and many 161 
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neurological disorders; and glucose is a biomarker for diabetes in its metabolism 162 

process. In this regard, all detections were performed by addition and recovery method, 163 

in synthetics urine, saliva and saline samples. The synthetic samples were prepared as 164 

presented in the literature (Baccarin et al., 2017; Campos et al., 2018; Raymundo-165 

Pereira et al., 2016). The saline solution is a notable biological media, necessary for 166 

many optimal biological processes (Kent et al., 1985; Ozawa et al., 2006; Steinbusch et 167 

al., 1978) and was also chosen to be a detection media. In addition, all samples were 168 

prepared in PB solution, with optimal pH and ionic strength (µ) (saline samples: 6.1 169 

(Gr-AV) and 7.0 (GOx-DHP/Gr-AV); synthetic urine: 6.1; synthetic saliva: 7.0; all with 170 

µ = 0.2 mol L−1) and Table S1 shows all reactants and its concentrations used for each 171 

sample, as found in literature (Baccarin et al., 2017; Campos et al., 2018; Raymundo-172 

Pereira et al., 2016). 173 

3. Results and discussion 174 

3.1. Morphological and electrochemical characterization of the disposable device 175 

Nowadays, there is a great focus on the electroanalytical field to develop novel 176 

electrodes structures. This interest is mainly motivated by the possibility of further 177 

miniaturization of the system, allowing more practicality and the use of relative cheaper 178 

materials. The AV was selected as ink vehicle due to its polymeric composition, great 179 

accessibility and relative low cost. Even though its precise composition is not given by 180 

the manufacturers, polyurethane plays a major role in this varnish, which is an 181 

interesting compound for application in sensors development. Also, as described, here 182 

we present the use of self-adhesive paper as a support for electrodes, and, as a new 183 

electrochemical tool, its properties must be known for a better application. Therefore, 184 

the self-adhesive device surface was characterized by microscopy and spectroscopy 185 
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techniques, as shown in Figures 2-4. Figure 2 shows the SEM images obtained for the 186 

self-adhesive paper sheet (Figure 2A1-3), the self-adhesive device (Figure 2B1-3) and 187 

the same device with GOx-DHP addition (Figure 2C1-3). It can be observed the 188 

difference between these stages, with the adhesive paper presenting an expected 189 

homogeneous fibrous surface being highly rough and porous. This surface is completely 190 

changed by the ink, as only graphite associated morphology can be seen in the 191 

correspondent image. Then, the casting of GOx-DHP on the working electrode also 192 

alters the surface, making it smoother with distributed small enzyme clusters. 193 

FIGURE 2 194 

Figure 3A shows the FTIR spectra obtained for the AV (blue line), Gr-AV 195 

conductive ink (red line) and Gr (black line). The varnish spectrum presents expected 196 

bands, such as the carbonyl stretching at 1730 cm−1, the asymmetric stretching of the 197 

ester at 1145 cm−1, the broad band of O−H stretching and N−H vibration at 3450 cm−1, 198 

as well as many bands associated with aromaticity, related to a major presence of 199 

polyurethane in the varnish composition (Smith, 1982). The bands at 1630 and 1380 200 

cm−1, respectively associated to the C=C bonds of the sp2 hybridization and skeletal 201 

C−C carbon rings vibrations are found in the graphite spectrum. It is interesting to note 202 

that the ink spectrum portraits the same profile as the graphite one. This indicates that 203 

not only the paper surface is completely covered, but also that the polymeric part, as 204 

well as other organic components, does not interfere in the bulk electrode surface.  205 

Figure 3B shows the Raman spectra for AV (blue), Gr-AV conductive ink (red) 206 

and Gr only (black). Even though the AV spectrum presents a similar profile when 207 

compared to polyurethane spectra in literature (Naumenko et al., 2012; Parnell et al., 208 

2003; Xu et al., 2000), significant shifts can be found. These results are attributed to the 209 
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several other components in the varnish, which can promote such a behavior. Due to 210 

limitations of the available equipment, not so normally useful spectra were obtained for 211 

Gr and Gr-AV. However, these data also suggest that the dried ink surface is mainly 212 

composed by Gr that promotes high conductive characteristics. 213 

XRD measurements were carried out for AV, Gr-AV and Gr, as shown in Figure 214 

3C, in order to analyze the crystallinity of these materials, since conductive properties 215 

are directly correlated. As observed in the literature  (Armelin et al., 2017; Blackwell et 216 

al., 1981; Pradhan and Nayak, 2012), polymeric materials have presented amorphous 217 

structures with few crystalline phases, because the non-uniformity of interactions. 218 

Therefore, the obtained AV profile corroborated with this, showing a diffused broad 219 

diffraction, with a maximum at 2θ = 17.7°, as shown in the figure inset. The Gr profile 220 

demonstrated a characteristic (Johra et al., 2014; Popova, 2017) (002) plane peak at 2θ 221 

= 26.3, with crystal size of 26.96 nm and layer spacing of 1.98 Å. The ink profile 222 

showed similarities with the Gr one, but with considerable changes. The plane peak 223 

slightly shifts to 2θ = 26.2, which presented a higher crystal size, 31.54 nm, and closer 224 

layers, with a 1.74 Å spacing. This is attributed to the agglomeration effect and 225 

interaction between Gr and AV, by reason of ink formation process. 226 

FIGURE 3 227 

Generally, electroanalytical sensors are applied in aqueous media. Consequently, 228 

it became necessary, and of great importance, to define the useful working potential 229 

window, where water does not suffer electro-induced reactions (Orzari et al., 2018). 230 

Figure 4A shows the cyclic voltammograms obtained by the adhesive sensor in different 231 

media: HCl, NaOH and KCl; maintaining the µ (all in 0.1 mol L−1), at 50 mV s−1. A 232 

variation in the electrochemical behavior is expected, because the different activity of 233 
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hydronium and hydroxyl ions (Calegari et al., 2017; Kang et al., 2017). For example, 234 

Kang et al. (Kang et al., 2017) have studied the effect of water electrolyzation at 235 

different pHs by cyclic voltammetry with a copper based electrode, in which the 236 

production of H2 is electrocatalyzed by lowering the pH. In the acidic media, the 237 

hydrogen formation can be observed in the proposed electrode, as expected, towards 238 

more positive potentials, with the useful region being between −0.45 and 1.3 V. In 239 

alkaline media, this potential region was limited between −0.15 and 0.75 V, since the 240 

oxygen production is early favored. In neutral media (KCl), by reason of equivalent 241 

presence of water ions, a broader range is expected. However, the non-interfering region 242 

corresponded to −0.10 to 1.3 V. Thus, it was possible to observe when lower the pH, the 243 

proposed device presented less interference. 244 

To study the electrochemical behavior, Gr-AV electrode was submitted to cyclic 245 

voltammetry, at 50 mV s−1, in the presence of 500 µmol L−1 dopamine. The Figure 4B 246 

shows a notorious difference between the magnitude of the anodic (334 mV) and 247 

cathodic (44.8 mV) peaks, revealing a greater sensitivity for the oxidation reaction. To 248 

estimate the electroactive area, cyclic voltammetry studies were carried out in this 249 

configuration, at varying scan rates, ranging from 10 to 200 mV s−1, as shown in Figure 250 

S2. Data were applied in Randles-Sevcik equation, resulting in an electroactive area of 251 

0.22 cm2. Figure 4C shows the Nyquist diagrams of EIS experiments, performed in 252 

presence of 500 µmol L−1 dopamine, in 0.1 mol L−1 PB solution (pH 6.1), for Gr-AV, as 253 

well as the obtained equivalent circuit (Cesiulis et al., 2016), with a χ2 of 2.84×10−4. 254 

The relevant data can be found in the circuit. This experiment implies that the obtained 255 

plot contains superposition of different phases, Gr−AV, Gr−Gr and Gr−dopamine. The 256 

proposed electrode based on new condutive ink presented greater resistivity when 257 
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compared to other published works (Amin et al., 2014; Cinti et al., 2017). Nonetheless, 258 

it is valid to observe its adhesion-based nature (Figure S1B-D). All these 259 

characterization data, together, suggests a novel electrochemical device category. 260 

 261 

FIGURE 4 262 

3.2. Electrochemical determination of dopamine with Gr-AV disposable electrode 263 

The square ware voltammetry technique was chosen for dopamine detection, 264 

because the reversibility of the reaction and its known sensitivity. So, its parameters 265 

were studied and optimized, where the selected values were: 8.0 mV for step (s), 100 266 

mV for amplitude (a) and 10 Hz for frequency (f). In addition, tests to evaluate the Gr-267 

AV response in different pHs were carried out, as shows Figure S3 It was expected that 268 

the optimal response would be around pH 7.0 for biological processes; however, a 269 

shoulder peak can be observed around 145 mV, which increased in magnitude in more 270 

alkaline media, and could be related to the dopamine deprotonation (Breczko et al., 271 

2012; Martínez-Huitle et al., 2009). Therefore, pH 6.1 was chosen as optimal, as it not 272 

only presented a better peak resolution, as it also showed less current deviation and no 273 

significant peak magnitude was lost. 274 

After the optimization, the analytical curve was constructed for dopamine 275 

(oxidation reaction in Figure S4A), by varying its concentration from 30 to 800 µmol 276 

L−1, in which was observed an increase in the peak current proportional to the 277 

concentration, being presented in Figure 5A. Therefore, it was obtained the linear 278 

equation Ip (mA) = 1.05×10−6 ± 5.30×10−7 + 0.0530 ± 1.21×10−3 CDopamine (mmol L−1) 279 

with R2 = 0.997 and the detection limit (LOD) was calculated by three times the 280 
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standard deviation of the blank divided by the slope of the analytical curve, resulting in 281 

a value of 0.13 µmol L−1. The Gr-AV electrode was applied for dopamine detection in 282 

spiked synthetic urine and saline samples where, respectively, a recuperation ranging 283 

from 83.2 to 109% and 90.3 to 102% was obtained, as presented in Table 1. 284 

TABLE 1 285 

The reproducibility study (four electrodes, one measurement per day, n= 4) was 286 

carried out in presence of 500 µmol L−1 dopamine, in 0.05 mol L−1 PB solution (pH 287 

6.1). The relative standard deviation (RSD) obtained was 4.46%. For the interference 288 

study, possible interfering species were used to evaluate the discrepant effects, being 289 

carried out with 500 µmol L−1 dopamine. In this context, ascorbic (Figure S5A) and uric 290 

(Figure S5B) acid presented no significant interference (2.0 and 1.0%, respectively) at 291 

concentration of 0.05 mol L−1. For creatinine (Figure S5C), tests with 5.0×10−3 mol L−1 292 

demonstrated an 8.0% peak deviation. However, we highlight that human urinary 293 

creatinine concentration ranges from 5.3 × 10−5 to 1.1 × 10−4 mol L−1 (Alessio et al., 294 

1985; Barr et al., 2004; Boeniger et al., 1993). As the concentration is higher than the 295 

one found in human urine, it was obtained an acceptable deviation. 296 

 297 

3.3. Electrochemical determination of serotonin with Gr-AV disposable electrode 298 

 To demonstrate the device electroanalytical versatility, Gr-AV was also applied 299 

towards the serotonin determination. Tests with cyclic voltammetry, at 50 mV s−1, in 300 

presence of 100 µmol L−1 serotonin, in 0.1 mol L−1 PB solution were performed, as 301 

shown in Figure S6. An irreversible anodic peak was observed at 358 mV, with a 302 

current magnitude of 0.57 mA, corresponding to the species oxidation (Figure S4B). 303 
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Sequentially, a calibration curve was built by differential pulse voltammetry, in order to 304 

also demonstrate the device application. A linear behavior was found in the range of 6.0 305 

to 100 µmol L−1, in 0.1 mol L−1 PB solution, corresponding to the Ip(A) = 4.37×10−8 ± 306 

3.90×10−9 + 1.75×10−3 ± 6.50×10−5 CSerotonin (µmol L−1) relation, with R2 = 0.993. As 307 

aforementioned, the LOD of the sensor was calculated to be 0.39 µmol L−1. The 308 

corresponding data is present in Figure 5B. Then, saline solution and synthetic urine 309 

samples were spiked with known concentrations of serotonin, in order to evaluate the 310 

matrix effect in this case as well. Table 1 presents the recovery data, ranging from 92.7 311 

to 105% for the saline solution and from 96.6 to 108% for the synthetic urine samples. 312 

FIGURE 5 313 

3.4. Electrochemical determination of glucose with the GOx-DHP/Gr-AV disposable 314 

electrode 315 

Figure S7 shows an attempt of detecting 10 µmol L−1 glucose with the bare Gr-AV 316 

device (red), in 0.05 mol L−1 PB solution. As observed, no present component of the 317 

sensor can achieve the catalytic effect desired for the glucose reactions (Figure S4C and 318 

D). Therefore, a surface modification was evaluated, and the adhesive device was 319 

modified with a GOx-DHP dispersion, to obtain an electrocatalytic glucose biosensor. 320 

As a surfactant, it is expected (Janegitz et al., 2015) that DHP aqueous dispersions have 321 

lipophillic core micelles and hydrophilic heads in contact with the sample solution. In 322 

this way, we assure a better wettability, which can improve the electrochemical 323 

response (Ibanez-Redin et al., 2018; Ricci et al., 2009; Robinson et al., 2006). Figure 5C 324 

shows cyclic voltammograms obtained with GOx-DHP/Gr-AV in 0.05 mol L−1 PB 325 

solution (pH 7.0), at v = 100 mV s−1, in increasing concentration of glucose. With the 326 

catalyzed consumption of O2, the cathodic baseline decreases linearly to the available 327 
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glucose, until enzyme site saturation (reactions in Figure S4C and D). Therefore, all 328 

data were collected at 0.6 V and the Figure 5C inset shows the obtained behavior. The 329 

system presented linear response in the range of 1.0 µmol L−1 to 10 µmol L−1, with the 330 

equation Ip(A) = 3.74 × 10−6 ± 1.82 × 10−7 + 1.52 ± 0.0536 CGlucose (µmol L−1) and R2 = 331 

0.991. As aforementioned, the LOD of the sensor was calculated to be 0.21 µmol L−1. 332 

Also, a second linear response can be observed in the range of 10 to 40 µmol L−1 333 

glucose. This considered low sensitivity is due to the effective saturation of enzyme 334 

catalytic sites, leading to a detection plateau. Therefore, further additions of glucose 335 

would cause an insignificant current variation. The device was applied in the detection 336 

of known concentrations of glucose in synthetic saliva and saline samples. For the 337 

synthetic saliva, the recovery ranged from 92.1 to 113%, and for the saline samples, 338 

from 95.8 to 103%, as shown in Table 1. In order to further evaluate the biosensor, 339 

intradays (four electrodes, one measurement per electrode, n= 4) and interdays (four 340 

electrodes, one measurement and electrode per day, n= 4) reproducibility tests were 341 

carried out, under optimal conditions, in presence of 5.0 µmol L−1 glucose. The 342 

calculated RSD values of 2.5 and 7.4% were obtained for intra and interdays, 343 

respectively. 344 

Evaluations of the electrochemical behavior of dopamine in presence of glucose 345 

were also performed by using the proposed electrode. Figure S5D shows the data of Gr-346 

AV in presence of 500 µmol L−1 dopamine and 8.0 µmol L−1 glucose, in 0.1 mol L−1 PB 347 

solution (pH 7.0), at same configurations as the calibration curve for dopamine. Even 348 

though the peak presented a large profile, suggesting a slower kinetic effect, the current 349 

magnitude does not have significant changes, with an RSD of 1.5% with n = 4. The 350 

opposite analysis was carried out with same concentrations, in 0.05 mol L−1 PB solution 351 

(pH 7.0), by cyclic voltammetry with v = 100 mV s−1 (Figure S5E) by using the 352 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 
 

proposed biosensor. A significant alteration can be observed, with RSD of 10%, with n 353 

= 4. However, as literature introduces (Bergman et al., 2018; Zen et al., 1997) GOx can 354 

interact with dopamine, as many neuronal systems correlate the activities of both 355 

analytes. No tests were made in simultaneous presence of dopamine and serotonin, 356 

since both catecholamines have very similar molecular structure and oxidation pattern, 357 

and, by this reason, a significant influence is expected. 358 

In Table S2, both Gr-AV and GOx-DHP/Gr-AV are compared to others already 359 

reported disposable electrochemical devices, towards the detection of dopamine and 360 

glucose. The focus was to compare with other disposable sensors, as this is the most 361 

commonly equal aspect of this work and the literature. The data demonstrate an equal 362 

efficiency between this and other works, validating this approach. 363 

4. Conclusions 364 

This work reports the development and application of a novel self-adhesive based 365 

electrochemical device, made by conductive ink of Gr and AV, towards the detection of 366 

dopamine (from 30 to 800 µmol L−1, with a LOD of 0.13 µmol L−1), serotonin (from 6.0 367 

to 100 µmol L−1, LOD corresponding to 0.39 µmol L−1) and glucose (from 1.0 to 10 368 

µmol L−1, with a LOD of 0.21 µmol L−1) by using three different voltammetric 369 

techniques (cyclic; square wave and differential pulse). As proof of concept, these 370 

experiments demonstrated acceptable analytical efficiency, with further tests in regards 371 

of its reproducibility, possible interfering species and operation in environmental and 372 

biological samples, in which both showed promising outcomes in all aspects. This work 373 

widens the scope of further surface modification, while simultaneously building interest 374 

in the field of electrochemical sensing and biosensing. 375 

 376 
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Legend of figures 602 

Figure 1. (A) Gr-AV electrode preparation: (I) Conductive ink preparation and 603 

application over a self-adhesive paper sheet. (II) After drying for 40 min, the (III) 604 

electrodes are printed. (IV) ink excess is removed and the device is ready for (V) 605 

electrochemical analyses. (B) Casting of GOx-DHP over the working electrode surface. 606 

(C) The device ready to use 607 

Figure 2. SEM images of (A) self-adhesive paper, (B) Gr-AV and (C) GOx-DHP/Gr-608 

AV at (1) 200, (2) 1000 and (3) 5000 times increase 609 

Figure 3. (A) FTIR spectra of automotive varnish (blue line), conductive ink (red line) 610 

and graphite powder (black line). (B) Raman spectra of AV (blue), Gr-AV ink (red) and 611 

Gr powder (black). (C) X-ray diffraction patterns of AV (blue), Gr-AV ink (red) and Gr 612 

(black). Inset shows a closer view of AV pattern 613 

Figure 4. (A) Cyclic voltammograms obtained by Gr-AV in equimolar concentration of 614 

0.1 mol L−1 acidic (HCl pH 1.0, red line), alkaline (NaOH pH 13, black line) and neutral 615 

media (KCl pH 6.1, blue line); v = 50 mVs−1. (B) Cyclic voltammogram obtained by the 616 

disposable adhesive device Gr-AV in presence of 500 µmol L−1 dopamine (green) and in 617 

absence of it (black), in 0.1 mol L−1 PB solution (pH 6.1); v = 50 mV s−1. (C) Nyquist 618 

plot of the adhesive device (green) in presence of 500 µmol L−1 dopamine, in 0.1 mol 619 

L−1 PB solution (pH 6.1). Inset shows the equivalent fitting circuit 620 

Figure 5. (A) Square ware voltammograms obtained with sticker electrode in presence 621 

of different concentrations of dopamine, varying from 30 to 800 µmol L−1, in 0.1 mol 622 

L−1 PB solution (pH 6.1); s = 8 mV; a = 100 mV; f =10 Hz. Inset shows the analytical 623 

curve. (B) Differential pulse voltammograms obtained by Gr-AV in presence of varying 624 

concentrations of serotonin, ranging from 0.6 (black) to 100 (lighter red) µmol L−1 and 625 
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in absence of it (orange), in 0.1 mol L−1 PB solution (pH 6.1); v = 10 mV s−1, a = 25 626 

mV, modulation time = 5 ms. Inset shows the analytical curve. (C) Cyclic 627 

voltammograms obtained by GOx-DHP/Gr-AV disposable device in presence of 628 

varying glucose concentrations, ranging from 1.0 to 40 µmol L−1, in 0.05 mol L-1 PB 629 

solution (pH 7.0); v = 100 mV s−1, t = 60 s. Inset shows the analytical curve 630 
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Table 1. Dopamine and serotonin determinations in spiked saline and synthetic urine samples by Gr-

AV; and glucose determination in spiked saline and synthetic saliva samples by GOx-DHP/Gr-AV 

Gr-AV 

DOPAMINE SEROTONIN 

Saline 

Sample 

Added  

(µmol L−1) 

Detected  

(µmol L−1) 

Recovery% Sample 

Added  

(µmol L−1) 

Detected  

(µmol L−1) 

Recovery % 

A 300 305 102 A 60 56 93.1 

B 300 271 90.3 B 50 52 105 

C 800 731 91.4 C 10 9.3 92.7 

Synthetic Urine 

A 30.0 26.6 83.2 A 20 22 108 

B 50.0 51.8 104 B 30 29 97.0 

C 70.0 76.4 109 C 90 87 96.6 

GOx-DHP/Gr-AV 

GLUCOSE 

Saline Synthetic saliva 

A 9.00 8.83 95.8 A 9.00 8.83 92.1 

B 8.00 8.12 99.9 B 8.00 8.12 102 

C 7.00 7.92 103 C 7.00 7.92 113 

 651 
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Highlights 

 

• New conductive ink using graphite and automotive varnish is proposed 

• We have proposed an innovative self-adhesive electrochemical sensor  

• Novel disposable electrochemical device was applied for dopamine, serotonin 

and glucose detection  

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

U N I V E R S I D A D E  F E DE R A L  D E  S Ã O  C A R L O S 

C E N T R O  D E  C I Ê N C I A S  AG R Á R I A S  

DEPARTAMENTO DE CIÊNCIAS DA NATUREZA, MATEMÁTICA E EDUCAÇÃO  

B R U N O  C A M P O S  J A N E G IT Z  

b r u n o c j @ uf s ca r . b r  

 

Credit Author Statement 

I, Bruno Campos Janegitz , corresponding author, behalf of other co-authors, 

declare that all authors participated of the conceptualization; data curation; formal 

analysis; funding acquisition; investigation; methodology; project administration; 

resources; validation; writing - original draft; writing - review & editing of the 

manuscript entitled “A novel disposable self-adhesive inked paper device for 

electrochemical sensing of dopamine and serotonin neurotransmitters and biosensing of 

glucose” by Luiz Otávio Orzari, Rafaela Cristina de Freitas, Isabela Aparecida de 

Araujo Andreotti, Alexandre Gatti and Bruno Campos Janegitz. 

 

Sincerely yours,  

April 17th, 2019. 

 

 

Dr. Bruno C Janegitz 

 


