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A B S T R A C T   

The interest in sustainable and low-cost materials for the production of new sensing platforms has been 
increasing over the time. The possibility of obtaining reliable sensors, on a large scale, easy-to-produce, and cost- 
effective allows for the development of analytical devices with adequate characteristics for point-of-care analysis. 
In this context, we present the development of a new low-cost and easy-to-produce disposable electrochemical 
device composed of a conductive ink modified with Prussian blue for the detection of uric acid, hydrogen 
peroxide, and glucose. The electrode surface was characterized by scanning electron microscopy coupled with 
energy dispersive spectroscopy, Fourier-transform infrared spectroscopy, and cyclic voltammetric techniques. 
Also, the proposed sensors and biosensors were applied for the electrochemical determination of uric acid, 
hydrogen peroxide, and glucose. The device achieved a linear response ranging from 5.0 to 150.0 μmol L− 1 for 
uric acid, with a limit of detection of 0.70 μmol L− 1 using differential pulse voltammetry. The detection of 
hydrogen peroxide and glucose was performed using amperometry at a working potential of − 0.3 V, which. 
Hydrogen peroxide sensing presented a linear range varying from 100.0 to 800.0 µmol L− 1, with a LOD of 31.6 
μmol L− 1. A glucose biosensor was developed after modification of the electrode with a film composed of chi
tosan, glutaraldehyde, and glucose oxidase, which presented a linear range varying from 50.0 to 500.0 μmol L− 1, 
with a LOD of 9.20 μmol L− 1. Also, the construction of a 3D printed wearable wristband was proposed facing uric 
acid determination, to show the versatility of the sensor.   

1. Introduction 

The widespread of low-cost disposable electrochemical platforms 
became of great interest for clinical analysis. The simplicity, fast 
response, and possibility of miniaturization provided by these platforms 
are very attractive characteristics for analytical systems and meet the 
requirements for the obtention of point-of-care devices (POCDs). The 
use of POCDs allows the decentralized clinical monitoring of molecules 
of great interest in clinical analysis, which can decrease the healthcare 
cost and provide an improvement in the health quality of the patients 
[1]. In this context, the development and the construction of electro
chemical sensors with low-cost conductive inks are presented as an 
interesting option for the obtention of electrochemical sensors. They are 
simple, and easy to construct, which are attractives, especially when 
compared to conventional metallic and carbon-based electrodes, or even 

to commercial screen-printed carbon electrodes (SPCEs) [2,3]. 
The use of conductive inks has been widely explored in the literature 

for the obtention of new portable, flexible and disposable wearable 
sensors [4,5]. Recently, the use of diverse compounds has been explored 
for the obtention of inks, attributing simplicity and low cost [6–8]. In 
this aspect, nail polish (NP) has been presented as an innovative way to 
manufacture conductive inks used for the preparation of electro
chemical sensors. In addition to the easy obtention and handling, this 
material presents a low cost and nontoxic composition, containing only 
polymers, organic solvents, nitrocellulose, and plasticizers [9]. 

Furthermore, the use of electrochemical sensors based on conductive 
inks allows versatility to the obtained devices, depending on the sub
strate employed. It is possible to attribute flexibility to the sensor, by the 
use of flexible substrates such as polyethylene terephthalate (PET) and 
silicon rubber [10], stiffness, by the use of glass substrates [11], or even 
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explore renewable and environmentally friendly substrates, such as 
paper [12]. In the view of green chemistry, the use of recyclable mate
rials is very attractive. For example, Andreotti et al. [13] published an 
interesting work reporting the use of PET sheets obtained from discarded 
soda bottles as the substrate for graphite conductive ink. In this regard, 
PET bottle substrates have been attractive due to their easy accessibility, 
and relative flexibility, which can be ideal for the construction of 
wearable sensors for example. 

The analysis of clinically relevant molecules assists the understand
ing of biological and physiological functions in the human body, which 
can be used as biomarkers for the diagnosis of diseases. In this aspect, 
glucose and uric acid (UA) are two relevant examples [14]. Glucose 
biosensors are important platforms for the diagnosis of diabetes melli
tus, which directly affects the quality of life of the patients. On the other 
hand, glucose monitoring can be performed in a non-invasive way, with 
no need for blood samplings, such as sweat, tears, and interstitial fluid 
[15,16]. Therefore, the detection of glucose in sweat samples can be 
viable by employing wearable sensors. Electrochemical detection of 
glucose can be accomplished by the enzyme glucose oxidase (GOx), 
which acts in the oxidation of glucose and reduction of O2, producing 
hydrogen peroxide, a by-product generated during the enzymatic reac
tion [14]. Nevertheless, other mediators can be also employed, and a 
combination of such compounds can improve the analysis. Prussian blue 
(PB), also known as ferric hexacyanoferrate, is widely used in the 
development of (bio)sensors [17]. Its high effectiveness in hydrogen 
peroxide reduction makes this material largely used for the construction 
of glucose biosensors, and improvements in the sensitivity of the anal
ysis can be obtained due to its excellent electrocatalytic properties [18]. 
Furthermore, the levels of UA in the human body and the risk of dia
betes, are correlated. Studies indicate that high levels of UA are directly 
associated with an increased risk of diabetes [19,20]. UA is considered 
an end product of purine metabolism and is generally a predictor of 
several diseases such as hypertension, chronic renal disease, and meta
bolic syndrome [21]. 

Thus, herein we propose the use of a disposable, environmentally 
friendly PB-modified electrochemical (bio)sensor, employing recyclable 
PET bottle substrate and a simple conductive ink based on NP and 
graphite, for the enzymatic detection of glucose and non-enzymatic 
detection of UA and hydrogen peroxide in synthetic sweat samples. 
Also, to present the possibility to employ the proposed platform as a 
wearable sensor, a wristband was constructed using the 3D printing 
technology and tested facing UA response, showing the versatility of the 
proposed sensor. 

2. Experimental 

2.1. Reagents and solutions 

All reagents used in this work were of analytical grade. Ultrapure 
water (Milli Q, USA), with resistivity > 18 MΩ cm, was used to prepare 
all the aqueous solutions. Graphite from Fisher Chemical ™ (New Jer
sey, USA) and colorless NP(Base brilho cuidados, Cora ©, São Paulo, 
Brazil) were used for the preparation of the conductive ink. UA (99% w/ 
w), ferrocene methanol (FcMeOH - 97% w/w), potassium chloride 
(≥99% w/w), hydrogen peroxide (H2O2 - 35% v/v), glucose (99.5% w/ 
w), dopamine hydrochloride (99% w/w), and GOx were purchased from 
Sigma-Aldrich®, USA. Ascorbic acid (99% w/w) from Dinamica, Brazil; 
fructose (≥99% w/w) from Synth®, Brazil and sucrose (99% w/w) from 
Vetec®, Brazil were also used in this work. Stock solutions of UA (5.0 
mmol L− 1) were freshly prepared before the experiments, after disso
lution in 0.01 mol L− 1 sodium hydroxide (98% w/w from Dinamica®, 
Brazil). The electrochemical characterization of the electrodes was 
performed using a 1.0 mmol L− 1 FcMeOH solution in 0.1 mol L− 1 KCl. 
For the detection of UA, hydrogen peroxide, and glucose, 0.1 mol L− 1 

phosphate buffer saline solution (PBS) (pH 7.0) was used as the sup
porting electrolyte. Synthetic sweat was produced with NaCl (99% w/w 

- Vetec®, Brazil), urea (99% w/w) and acetic acid (99.7% v/v), lactic 
acid (85% v/v), and ammonium chloride (99.5% w/w) from Dinamica® 
(Brazil), UA, and glucose from Sigma-Aldrich®, USA. The flexible and 
non-conductive acrylonitrile butadiene styrene (ABS) filament, used in 
the construction of a wearable wristband, was purchased from 3DLAB 
(Minas Gerais, Brazil). 

2.2. Apparatus 

Electrochemical analyses were performed using the AUTOLAB 204 
potentiostat/galvanostat. The instrument was coupled to a computer 
and controlled by NOVA 2.1 software. The conductive ink was mixed 
and milled with a dual asymmetric centrifuge (DAC) SpeedMixer™ Dac 
150.1 FVZ-K (FlackTec Inc) and the electrodes were cut with a cutting 
printer (Silhouette, Cameo 3). Fourier transform infrared spectroscopy 
(FTIR) was carried out with a Tensor II spectrophotometer (Bruker). 
Scanning electron microscopy (SEM) from Thermo Fisher Scientific 
model Prisma E with ColorSEM Technology and integrated energy- 
dispersive X-ray spectroscopy was used for the acquirement of SEM 
images. For comparison of the surface morphology, a commercial 
carbon-based screen-printed electrode from MicruX technologies was 
analyzed by SEM. A 3D printed wearable wristband was designed in the 
free Blender software version 2.91.2 and manufactured with a Sethi3D 
S3 3D printer by using ABS. 

A three-electrode system configuration, based on the design of a 
commercial screen-printed electrode, was used for the construction of 
the disposable electrodes. The proposed working electrode consisted of a 
circle of 4.95 mm in diameter (geometric area of 0.19 cm2). All three 
electrodes were composed of the conductive ink proposed (described in 
Section 2.3), and further modified with PB. This platform was directly 
employed for hydrogen peroxide and uric acid detection, and the con
struction of the glucose biosensor by anchoring GOx. 

2.3. Manufacture of the disposable electrodes 

Firstly, the PET bottle substrates were sanded with conventional 
sandpaper (no. 220 from 3M™) to facilitate the deposition of the ink on 
the substrates. The substrate was then cleaned with ethanol (70% v/v) to 
remove organic residues/impurities that might interfere with the elec
trochemical analysis, as exemplified in step 1 (Fig. 1). Masks cut from 
adhesive paper (Colacril, Office CC185) were used for delimiting the 
electrodes and giving their shape. For that, a cutting printer was used, 
with designs being created with the Silhouette Studio software version 
4.4. The inner part of the structures was removed and then the masks 
were glued on the surface of a PET sheet obtained from a discarded soda 
bottle. The conductive ink was prepared by mixing NP and graphite 
(48:52% (w/w)) (Fig. 1, step 2), a composition previously optimized by 
de Araujo Andreotti et al. [13]. The prepared ink was deposited and 
spread evenly on the masks, as shown in step 3 (Fig. 1). The produced 
graphite-nail polish-based electrode was named GNP. 

2.3.1. Prussian blue electrodeposition 
The modification of the electrodes was performed by electrodepo

sition of a PB film (step 4, Fig. 1), providing the GNP/PB electrodes. The 
electrodeposition of PB was based on methods described in the literature 
[22] and involved consecutive cycling (n = 15) employing the cyclic 
voltammetry (CV) technique in potentials ranging from − 0.3 to 0.8 V at 
50 mV s − 1 in an aqueous solution of 2.5 mmol L− 1 K3[Fe (CN)6] con
taining 2.5 mmol L− 1 FeCl3, in 0.1 mol L− 1 KCl (pH 3.0) acidified with 
0.1 mol L− 1 HCl. A time-lapsed video is available and shows the com
plete manufacturing process of GNP/PB. 

2.3.2. Biosensor fabrication 
For the fabrication of the biosensor (step 5, Fig. 1), 50 μL of a 0.2% 

chitosan (CS) biopolymer dispersion was mixed with 50 μL of 2% 
glutaraldehyde solution. The mixture was left to stand for 30 min for the 

R.V. Blasques et al.                                                                                                                                                                                                                             



Sensors and Actuators Reports 4 (2022) 100118

3

two aldehyde groups of the glutaraldehyde to interact completely with 
the NH2 groups of the CS. Thus, a crosslinked matrix with the enzyme 
GOx imprisoned between the interstices is formed [23]. Then, 50 μL of a 
30 mg mL− 1 GOx solution was added to the mixture. This covalent 

bonding method provided better biocompatibility and stability for the 
enzyme. Finally, 7 μL of the final mixture was added to the working 
electrode surface and left to dry overnight at 10 ◦C. The biosensor was 
named GNP/PB/GOx. 

Fig. 1. Preparation of GNP and GNP/PB electrode: (1 and 2) Preparation of the conductive ink. (3) Application of conductive ink and GNP electrode. (4) Elec
trodeposition of PB film and GNP/PB electrode. (5) Preparation of the GNP/PB/GOx biosensor. 

Fig. 2. SEM images of (A) GNP, (B) GNP/PB e (C) GNP/PB/GOx after 60 (1) 1000 (2) and 8000 (3) amplification factors. Color SEM with the distribution of the 
chemical elements on the surface of the electrode (B3) GNP/PB. 
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2.4. Analytical procedure and samples analyses 

CV experiments were performed to characterize electrochemically 
the obtained sensor, and evaluate the electrochemical behavior of the 
molecules. UA detection was performed using the DPV technique, 
employing optimized operational parameters (modulation amplitude: 
80 mV; modulation time: 5 ms; step potential: 7 mV s− 1). H2O2 and 
glucose detection were performed employing the amperometry tech
nique, by applying a constant and optimized working potential of − 0.3 V 
during 120 ms. All measurements were performed using 0.1 mol L− 1 PBS 
solution (pH 7.0) as a supporting electrolyte. Synthetic sweat samples 
were prepared according to the suggested chemical formulation pro
posed in the literature [24] and subsequently spiked with UA or glucose 
in different concentrations. For UA analysis, synthetic sweat was spiked 
with 4 different UA concentrations (5.0, 20.0, 40.0, and 59.0 μmol L− 1) 
and for glucose detection, the fortification involved 3 different con
centrations (50.0, 150.0, and 400.0 μmol L− 1). All fortifications were 
performed in concentrations within the linear working range. 

3. Results and discussion 

3.1. Morphological and electrochemical characterization of the disposable 
device 

The morphologies of the electrodes based on graphite conductive ink 
before and after modification with PB, and of the modified electrode 
containing GOx were characterized by SEM, and the obtained images are 
shown in Fig. 2A, 2B, and 2C, respectively. Through the SEM images 
presented in Fig. 2-A2 and A3 is possible to observe graphite sheets 
distributed homogeneously all over the electrode surface. In addition, a 
rough and porous topography with the presence of cavities is observed. 
Such cavities are interesting for electroanalysis since they can provide 
active sites capable of performing the interaction and immobilization of 
species, such as some electrochemical mediators, thus enhancing the 
conductivity of the device. For comparison, SEM images were also ob
tained for a commercial screen-printed carbon electrode applying the 
same amplification factors, and the images are presented in Fig. S1. As 
can be seen, the surface of a commercial electrode is significantly 
smoother than GNP, confirming that GNP presents more sites and cav
ities, and a considerable rough surface, adequate for the anchoring of 
species. After modification with PB (Fig. 2-B2), the electrode surface was 
covered homogeneously by the PB film. This fact is evidenced by the 
presence of iron confirmed by the energy dispersive spectroscopy image 
that provides the color SEM (Fig. 2-B3) and the respective spectrum, 
shown in Fig. S2. The red coloration from Fig. 2-B3 indicates the 

presence of Fe, while the blue coloration indicates the presence of C, 
confirming the successful synthesis of PB, and the percentage corre
sponding to each element found is presented in Table S1. In addition, 
small cracks can be seen, which shows that the nucleation process for the 
growth and formation of the PB film occurred effectively. Finally, SEM 
images from the biosensor containing GOx (Fig. 2C) show a smoother 
surface with the presence of small clusters related to the film GNP/PB/ 
GOx. 

The FTIR spectra were obtained for GNP and GNP/PB electrodes to 
observe their surface composition and possible changes after the surface 
modification. The obtained spectra are presented in Fig. 3A. It is possible 
to observe that for GNP there are predominant bands in the region be
tween 1800 and 800 cm− 1, in which oxygenated groups are assigned, 
such as carboxyl and/or carbonyl (1717 and 1445 cm− 1) [25]. In this 
regard, the bands at 1222 and 1113 cm− 1, can be related to the C-O-C 
stretching vibration [25]. These bands can be attributed to compounds 
present in the NP, such as toluene, isopropyl alcohol, butyl acetate, and 
formaldehyde resin, among others, used in the manufacture of 
conductive inks. On the other hand, in GNP/PB spectra, a high-intensity 
band at 2070 cm− 1 can be observed. This band is related to C–––N 
functional groups and originated from PB. These results corroborate that 
the modification of the disposable sensor with PB was successful. 

After physicochemical surface characterization, electrochemical 
characterizations were performed using CV to study the electrochemical 
behavior of the GNP/PB electrode. Fig. 3B shows the voltammograms 
obtained for GNP (black line) and GNP/PB (red line) and the respective 
redox pair. 

It can be seen from the CVs that no redox processes are involved in 
the supporting electrolyte employing the GNP electrode. After electro
deposition of the PB film (red line), the typical redox processes indi
cating the presence of PB are present, composed of two oxidation and 
two reduction peaks. The first redox signal (I) is an oxidation peak at 
around +0.04 V attributed to PB. The oxidation of PB provides a peak at 
around +0.76 V, related to Berlin green (III), and oxidated form of PB. 
The subsequent reduction of Berlin green provides PB at around +0.52 
V, and a second reduction process generates Prussian white (IV) at 
− 0.25 V. These processes are well described in the literature [26] and 
confirm the synthesis of PB on the electrode surface. 

The electroactive area of GNP and GNP/PB was also calculated. For 
this, cyclic voltammetric studies were performed at different scan rates 
(30, 50, 70, 90, 110, 130, 160, 200, and 250 mV s− 1) at both electrodes 
(Fig. S3). The electroactive area was calculated based on the Randles- 
Sevcik equation (Eq. (1)), using a 1.0 mmol L− 1 FcMeOH solution in 
0.1 mol L− 1 KCl: 

Fig. 3. (A) FTIR spectra for GNP (black line) and GNP/PB (red line); (B) Cyclic voltammograms in absence (black line) and presence (red line) of Prussian blue in 0.1 
mol L− 1 PBS solution (pH = 7.0); Scan rate: 50 mV s− 1. 
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Ip = 2.69 × 105ACD1/2n3/2v1/2 (1)  

where, Ip is the peak current (A), A the electroactive area (cm2), C the 
concentration of the redox probe (mol L− 1), D the diffusion coefficient of 
the redox probe (cm2 s− 1), n the number of electrons involved in the 
reaction, and v the scan rate (mV s− 1). The diffusion coefficient used for 
FcMeOH was 7.6 × 10− 6 cm2 s− 1, following studies previously reported 
in the literature [27]. 

The values obtained were 0.16 and 0.95 cm2 for GNP and GNP/PB, 
respectively. Firstly, it is noteworthy to mention that the geometric area 
of the electrode is slightly higher (0.19 cm2) than the electroactive 
surface area of unmodified GNP. This occurs due to the composition of 
the electrode (conductive ink), which presents non-conductive NP in its 
composition, thus, only parts of the electrode surface are electroactive 
and responsible for the electron transfer process. When comparing the 
electroactive area of unmodified and PB-modified electrodes, it can be 
seen that there is an increase of approximately 6-fold in the electroactive 
area after PB modification. Such an increase probably occurred due to 
the rise of the surface roughness of the material after PB deposition, 
where cracks in the surface were observed through SEM images. This 
increase in electroactive area is beneficial for the adsorption of analytes 
and the immobilization of enzymes, increasing the electrochemical 
response and decreasing the detectability [28]. 

The inset curves in Fig. S3, related to the plot of peak current versus 
square root of scan (v1/2), show a linear behavior for both surfaces with 
linear responses of R2 = 0.9955 (GNP) and R2 = 0.9986 (GNP/PB), 
following the equations: Ip (μA) = − 5.251×10− 6 + 1.228×10− 4 CFcMeOH 
(μmol L− 1) and y = − 5.024 251×10− 5 + 7.158×10− 4 CFcMeOH (μmol 
L− 1), respectively, that indicates that at both electrodes the mass 
transport processes are diffusion-controlled [29]. 

3.2. Electrochemical detection of UA 

After characterizing the electrodes, these were evaluated regarding 
the detection of UA. The electrochemical performance of the sensor 
toward the detection of UA was initially evaluated by CV in a 0.1 mol 
L− 1 PBS solution (pH 7.0) in the presence of 800.0 μmol L− 1 UA at a scan 
rate of 50 mV s− 1. Fig. 4A presents the obtained voltammograms for 
GNP in presence of UA (blue line), and GNP/PB in the presence (red line) 
and absence (black line) of UA. It is possible to observe that UA presents 
a well-defined oxidation peak at around +225 mV at GNP/PB. In pres
ence of PB (red line), though the typical peaks related to the redox 

processes of PB are decreased, it can be seen that the oxidation process of 
UA is improved, presenting a higher peak current value corresponding to 
an increase of 43%. This result is in agreement with the electroactive 
area values calculated, where an increased area is observed for GNP/PB. 
Thus, this surface provides more electroactive sites for the oxidation of 
UA and greater peak currents are observed. In addition, the oxidation 
occurred in decreased working potential (+250 mV), which can indicate 
that PB film catalyzed the reaction, which increases the electrochemical 
performance of the device. Furthermore, no interferences of the redox 
processes of PB are occurring, indicating that GNP/PB has a great po
tential in the sensing of UA, thus being an interesting material to be 
employed. 

Different voltammetric techniques were tested to evaluate UA elec
trochemical response. Fig. S4 presents the voltammograms obtained for 
50.0 μmol L− 1 UA using differential pulse voltammetry (DPV) and 
square wave voltammetry (SWV) techniques, considering the mainte
nance of the scan rate (10 mV s− 1) at both techniques for a better 
comparison. A higher peak current value was obtained by DPV (14-fold 
higher), indicating that DPV is more adequate for the determination of 
UA. Thus, this technique was employed for further tests involving UA 
determination. 

After the selection of the technique, the optimization of DPV oper
ational parameters (modulation amplitude, modulation time, and step 
potential) was performed to guarantee the best electrochemical 
response. For this, a univariate study was performed at a solution con
taining 50.0 μmol L− 1 UA keeping two parameters fixed while the third 
one was varied. For this study, the DPV parameters were fixed as fol
lows: modulation time (mt): 25 ms; modulation amplitude (a): 50 mV; 
and step potential (ΔE): 5 mV. The voltammograms obtained are pre
sented in Fig. S5, as well as the corresponding plots of the current 
response. We observed that the increase in the step potential values lead 
to an increase in the current response, and a step potential of 7 mV was 
chosen for further experiments since, for higher values, an increase in 
the peak width was observed, as well as the increase in the baseline noise 
magnitude (Fig. S5-A). The same increase in the current response was 
observed for amplitude variation, where a maximum in the current 
response is reached at 80 mV of amplitude (Fig. S5-B). Therefore, this 
value was selected as optimum. It can also be seen that increases in the 
modulation time reduce the peak current of UA (Fig. S5-C), and since 
higher electrochemical responses are aimed, a low modulation time 
value (5 ms) was chosen as optimum for further DPV experiments. 

Under optimized conditions, a calibration curve was obtained for 

Fig. 4. (A) Cyclic voltammograms obtained for GNP (blue line) in presence of 800 µmol L− 1 UA, and for GNP/PB in the absence (black line) and presence (red line) in 
presence of 800.0 µmol L− 1 UA, in 0.1 mol L− 1 PBS solution (pH 7.0); (B) Differential pulse voltammogram obtained in 0.1 mol L− 1 PBS solution (pH 7.0) at different 
concentrations of UA from 5.0 to 150.0 μmol L− 1; Inset: Plot of peak current versus uric acid concentration. Experimental conditions DPV: modulation amplitude: 80 
mV; modulation time: 5 ms; step potential: 7 mV s− 1. 
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increasing concentrations of UA (Fig. 4B). A linear behavior was ob
tained at a concentration range varying from 5.0 to 150.0 μmol L− 1, as 
observed in the inset curve (Fig. 4B), following the equation: Ip (μA) =
− 2.981×10− 7 + 8.079×10− 8 CUA (μmol L− 1), with R2 of 0.990. The 
limits of detection (LOD) and quantification (LOQ) were calculated ac
cording to 3 and 10 times the intercept standard deviation over the 
analytical sensitivity of the calibration curve [30,31]. The values of LOD 
and LOQ obtained were 0.70 and 2.50 μmol L− 1, respectively, indicating 
that GNP/PB presents the potential for the detection of UA in a wide 
linear working range and low concentrations. For evaluating the preci
sion of the sensor, a repeatability study was performed by performing 20 
consecutive DPV measurements at the same sensor. Fig. S6 shows the 
voltammograms and the respective plot of peak current in the function 
of repetition number. As can be seen, and according to the RSD obtained 
(4.72%), the proposed sensor presented satisfactory precision and can be 
applied for consecutive measurements with no performance loss. In 
addition, an inter-electrode tests were performed to evaluate the 
reproducibility of the obtained sensors. For this, five different sensors 
were evaluated by performing DPV measurements in a solution con
taining 25.0 μmol L− 1 UA, and the voltammograms are presented in 
Fig. S7. A low RSD value was obtained (3.59%), indicating that the 
construction of the sensors is reproducible. Finally, the stability of the 
sensors was also evaluated. Fig. S8-A shows consecutive DPV measure
ments (n = 40), recorded in a solution containing 25.0 μmol L− 1 UA, and 
Fig. S8-B the respective current response. As can be seen, a decrease of 
2.7% in the current response is observed after 5 measurements. After 10 
scans, a decrease of 4.3% is observed, while after 20 scans, 7.9% of the 
current response is observed, indicating a loss in the stability of the 
sensor. In this sense, each sensor can be used for about 20 measurements 
without loss in stability. Thus, a satisfactory performance can be 
observed, allowing several analyses. Also, considering that the proposed 
sensor is disposable and of easy obtention, when the sensor loses sta
bility, an easy replacement is possible. 

The proposed disposable electrode was compared to other already 
reported electrochemical devices for the detection of UA [32–37], as 
presented in Table S2. In this regard, Guan et al. [34] presented a sensor 
for UA determination using amino-functionalized carbon nanotubes and 
gold nanoparticles. The authors obtained a LOD of 0.29 μmol L− 1 with a 
linear range of 0.3 to 200.0 μmol L− 1. Although the sensor proposed by 
the authors presented a slightly lower LOD, the synthesis of materials 
and assembly of the sensor requires more than 3 days. In contrast, our 
proposed sensor takes approximately 1.5 days between the preparation 
steps of the PET substrate, conductive ink, and modification with PB. 
Yang et al. [36] on the other hand, simultaneously determined UA, 
dopamine (DA), and ascorbic (AA) acid using a reduced 
graphene-modified electrode. The determination was carried out by 
surface the modification of a glassy carbon electrode (GCE) with gra
phene, and a linear response was obtained in a range of 0.5 to 60.0 μmol 
L− 1, with a LOD of 0.5 μmol L− 1. After that, Xu et al. [35], also proposed 
a modified GCE, for the simultaneous determination of DA and UA in the 
presence of AA. In this work, the authors employed reduced graphene 
oxide Pt nanoparticles as modifiers. A linear range of 10.0 to 100.0 μmol 
L− 1 was achieved, with a LOD of 0.45 μmol L− 1. Although the authors 
reported a low LOD, time-consuming procedures were required to pro
duce the sensors and, in addition, the use of GCE restricts the application 
of the device as a wearable sensor. 

It has been reported that UA can be found in human sweat in con
centrations ranging from 24.5 to 35.7 μmol L− 1 [38], which confirms the 
adequacy of the proposed sensor for clinical analysis. For evaluating the 
performance of the proposed device in complex media, the detection of 
UA was performed in synthetic sweat samples. For this, a recovery test 
was performed after the fortification of the sample with four different 
UA concentrations (5.0, 20.0, 40.0, and 59.0 μmol L− 1), and the ob
tained results are presented in Table S3. From the table, it can be seen 
that recovery values ranging from 102.3% ± 3.4 to 113.0% ± 1.8 were 
obtained, indicating that no interferences from the sample matrix are 

present. Thus, GNP/PB can be successfully applied in the detection of 
UA, being an interesting alternative to conventional electrodes. 

3.3. Sensing of H2O2 

Hydrogen peroxide is a product obtained during the enzymatic re
action between glucose and GOx [39]. In this sense, previous to the 
construction of the glucose biosensor, GNP/PB was tested for the 
detection of H2O2. 

The detection of H2O2 was performed using the amperometric 
technique and current values were collected after 120 s of measure
ments. Initially, a hydrodynamic potential study evaluated the best 
working potential to be applied. Triplicate amperometric recordings 
(120 s) for 400.0 μmol L− 1 H2O2 in 0.1 mol L− 1 PBS solution (pH 7.0) 
were obtained for each studied potential (from − 0.5 V to 0.0 V) using 
GNP/PB electrodes. Fig. 5A shows the current response for each studied 
potential, where ΔI corresponds to the current response of H2O2 sub
tracted from the background current (supporting electrolyte) at the 
respective applied potential. It is possible to observe that at more 
negative potentials, higher than − 0.1 V, a significant increase in the 
current response is obtained, reaching a maximum value at the potential 
of − 0.3 V, with no significative changes after that. Considering that 
− 0.3 V provided the best current response and that, at high potentials, 
the interference of other compounds is more present, this value was 
employed for further experiments. In addition, this working potential is 
close to the one used in the literature [40]. 

As a proof-of-concept, the determination of H2O2 was performed 
employing the GNP/PB electrode. In this regard, amperometric re
cordings were obtained for increasing concentrations of H2O2 (n = 3) at 
GNP (Fig. 5B) and GNP/PB (Fig. 5C) electrodes. As can be seen, in 
absence of PB (Fig. 5B), no electrochemical response is observed for 
hydrogen peroxide, even at high concentrations (5.0 mmol L− 1). This 
behavior is expected since this reaction needs to be catalyzed to occur. 
As can be seen in Fig. 5C, the presence of PB is of great importance, since 
allows the detection of hydrogen peroxide. For increasing concentra
tions of hydrogen peroxide, a linear behavior was obtained at concen
trations ranging from 100.0 to 800.0 μmol L− 1 (Fig. 5D). The respective 
calibration curve follows the equation Ip (μA) = 6.828×10− 7 +

1.241×10− 8 CH2O2 (μmol L− 1), with R2 of 0.996. The LOD and LOQ 
values were calculated using the same equation as proposed previously 
and the values obtained were 31.6 μmol L− 1 and 100.0 μmol L− 1, 
respectively. 

Thus, it can be seen that the determination of H2O2 can be performed 
employing the proposed sensor modified with PB, allowing a fast, and 
simple analysis of this compound. The detection of H2O2 is of great in
terest since it allows a great range of applications, either for the indirect 
detection of biomarkers such as glucose cholesterol or lactic acid. Since 
this compound is a byproduct of enzymatic reactions, it is involved in 
these biological processes [41] and allows the development of alterna
tive sensors for clinical analysis of some diseases such as cholesterol and 
cancer, Alzheimer’s, and Huntington’s [42]. Therefore, its facility of 
confection and excellent analytical characteristics are comparable or 
superior to those observed, as presented in Table S4 [43–47], attesting 
that the proposed sensor can be successfully employed for clinical 
analysis. 

3.4. Glucose biosensor 

After showing that PB/GNP provides a satisfactory response for 
hydrogen peroxide, an enzymatic glucose biosensor was developed onto 
the GNP/PB surface. In this context, the immobilization of GOx by co
valent bonding was performed [48], which has the advantage of 
bypassing the desorption phenomenon, and thus affecting the perfor
mance of the biosensor. For the construction of the biosensor, the con
centration of CS (0.2%, 0.4%, and 0.6%) was evaluated for the 
immobilization of GOx at the electrode surface with a fixed amount of 
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2% glutaraldehyde solution. It was observed that with CS concentrations 
higher than 0.2%, a poor signal response was obtained with the trans
ducer (Fig. S9). This is directly related to the low conductivity of CS, 
which can affect the performance of biosensors [49]. The concentration 
of glutaraldehyde used in this work was fixed at 2%, based on previous 
studies from the literature [50]. 

After the concentrations of CS and glutaraldehyde were established, 
the electrochemical behavior of glucose was evaluated using the pro
posed biosensor. All the analyses were performed at pH 7.0, once acid 
solutions can affect the enzyme activity, and high alkaline media cause a 
decrease in the stability of PB film, in addition to impairing the GOx 
activity [51]. Therefore, CVs were recorded using a 0.1 mol L–1 PBS 

solution (pH 7.0). Fig. 6A shows the voltammograms obtained at 
GNP/PB/GOx in the presence and absence of glucose. 

The redox process of PB can be noticed at the studied potential 
window both in the presence and absence of glucose, however, when 
glucose is present, a reduction peak is observed at a potential of − 0.3 V, 
attesting that the proposed biosensor is capable of detecting glucose. For 
the development of the detection method employing amperometry, a 
hydrodynamic study was also performed for glucose, as performed for 
H2O2 sensing. Fig. S10 presents the obtained current responses for 
different applied potentials (ranging from 0.0 to − 0.4 V). A higher 
current response was obtained at − 0.3 V. This result is in agreement 
with the proposed sensor for hydrogen peroxide (Fig. 5A) since the 

Fig. 5. (A) Hydrodynamic potential study for 400.0 µmol L− 1 hydrogen peroxide using GNP/PB electrode obtained after amperometric measurements (duration of 
120 s; n = 3) in varied working potentials; (B) Amperometric recordings for increasing concentrations of hydrogen peroxide (0.0, 400.0, 1000.0 and 5000.0 µmol L− 1) 
at GNP, working potential: − 0.3 V (120 ms); (C) Amperometric recordings for increasing concentrations of hydrogen peroxide (100.0 to 800.0 µmol L− 1) at GNP/PB, 
working potential: − 0.3 V (120 ms); (D) Plot of peak current versus hydrogen peroxide concentration, obtained from C. 

Fig. 6. (A) Cyclic voltammograms in the absence (red line) and presence (black line) of glucose using the GNP/PB/GOx; (B) Amperometric recordings for increasing 
concentrations of glucose (50.0 to 500.0 µmol L − 1) in 0.1 mol L − 1 PBS (pH 7) containing 0.1 mol L − 1 KCl solution at GNP/PB/GOx, working potential: − 0.3 V 
(120 ms); (C) Plot of peak current versus glucose concentration, obtained from C. 
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enzymatic detection of glucose generates hydrogen peroxide, which is 
indirectly detected by the biosensor. Thus, a behavior similar to the 
observed for hydrogen peroxide at GNP/PB was expected. Also, this 
value is also in agreement with the employed in the literature [52]. 

After the optimization of the working potential, a calibration curve 
was obtained for increasing concentrations of glucose employing the 
proposed biosensor (Fig. 6B). A linear behavior was observed with 
glucose concentrations ranging from 50.0 to 500.0 μmol L− 1 (Fig. 6C), 
following the equation Ip (μA) = 3.554×10− 7 + 2.399×10− 9 Cglucose 
(μmol L− 1), with the R2 value of 0.999. The LOD and LOQ values were 
calculated as described for hydrogen peroxide, and the values were 9.2 
and 30.6 μmol L− 1. The analytical performance of the biosensor was 
compared to other biosensors for the detection of glucose presented in 
the literature, and presented in Table 1. 

GNP/PB/GOx has shown comparable or superior electrochemical 
performance to other biosensors for glucose detection and, in many 
cases, the proposed devices are of laborious obtention, and time- 
consuming, in contrast to the presented here. Also, the concentration 
of glucose in sweat samples is reported in the literature as ranging from 
20.0 µmol L− 1 to 600.0 µmol L− 1 [60]. Thus, the proposed biosensor is 
adequate for sweat glucose analysis in most of the typical concentra
tions. To show the applicability of the proposed biosensor, recovery tests 
were performed by fortifying synthetic sweat samples with three 
different glucose concentrations (50.0, 150.0, and 400.0 µmol L− 1). The 
obtained results are presented in Table S5, and recovery values ranging 
from 91.56% ± 3.91 to 100.5% ± 0.46 were obtained, showing that 
GNP/PB/GOx can be successfully applied for the detection of sweat 
glucose. Repeatability and reproducibility studies were also performed 
to evaluate the performance of the proposed biosensor. For the repeat
ability study, ten successive amperograms were recorded (Fig. S11-A), 
under optimized conditions (working potential: − 0.3 V, during 120 s), 
using a 150.0 μmol L− 1 glucose solution. An adequate result was ob
tained, with an RSD of 5.2%, indicating that for successive analysis, the 

biosensor provided similar responses. This result can also indicate the 
stability of the biosensor, showing that after ten measurements, the 
biosensor still provided stable responses. For the reproducibility test, 
three different biosensors were evaluated by amperometric technique, 
using a 150.0 μmol L− 1 glucose solution, under optimized conditions 
(Fig. S11-B). The inter-electrode study showed the reproducibility in the 
manufacture of the biosensor since, from three different biosensors, the 
amperometric response provided a low RSD (1.37%). 

Finally, a selectivity study was also performed. For this, different 
molecules, possibly found in conjunction with glucose in the human 
body, such as fructose, sucrose, ascorbic acid, uric acid, and dopamine, 
were evaluated in presence of glucose in two different ratios: 1:1 and 1:2 
(glucose:interferent). The obtained amperograms and the respective 
current responses are presented in Fig. S12-A and B, respectively. The 
response of glucose individually (control) was evaluated. The current 
response of glucose in presence of the interferents was given in per
centage, in which the positive values are attributed to an increase, and 
the negative values correspond to a decrease in the amperometric 
response of glucose. It can be observed that for a ratio of 1:1, most of the 
evaluated species are not interfering. A considerable interference from 
dopamine was observed, at approximately 53%, while ascorbic acid 
provided a slight interference in the glucose response, corresponding to 
11.4%. When the proportion 1:2 (glucose:interferent) is evaluated, this 
behavior is accentuated for ascorbic acid, which provided an increase in 
the current response of around 3.65-fold, while dopamine increased the 
response by 1.48-fold. In this context, it has been shown that these 
molecules, especially in high concentrations when compared to glucose, 
are interfering in the glucose analysis when employing GNP/PB/GOx. In 
addition, uric acid becomes an interferent at higher concentrations, with 
an increase in the current response of 272.7%. These analytes have been 
previously reported in the literature as interfering species in glucose 
detection [61, 62]. Though selectivity has been an issue, some measures 
can be employed to circumvent this problem. The use of surface modi
fiers, which can increase the selectivity of the sensors can be an inter
esting option. In this sense, the literature reports the use of rhodium or 
ruthenium on carbon [63,64], metal complexes (cobalt phthalocyanine 
[65], metal porphyrin [66], and ruthenium complexes [67]), films based 
on electrostatic repulsion of the interferents such as Nafion [68]. 

In addition, the miniaturization, disposable use, easy preparation, 
and low-cost of the produced (bio)sensors, in conjunction with the 
satisfactory analytical performance, are attractive characteristics, mak
ing the proposed devices interesting tools to be applied for analysis in 
loco, allowing reliable analysis that can be employed for clinical anal
ysis. The estimated cost per sensor unit considering only the materials 
employed was US$ 0.004, and for the biosensor US$ 0.42. An estimation 
including personnel and facilities costs, based on work from Brazaca 
et al. [69] which reported the values from the same region. It provides 
values of approximately U$ 0.91 in the obtention of the sensor, and for 
each biosensor approximately U$ 1.33, showing that these platforms are 
attractive in the face of laboratory testing. Thus, given the great per
formance of GNP/PB in sensing, and considering the versatility of the 
proposed sensor, the use of GNP/PB as a wearable sensor for the 
detection of UA was performed. 

3.5. Application of GNP/PB as wearable sensor 

Wearable sensors have received great attention in healthcare for 
monitoring clinical markers in biological fluids such as sweat, saliva, 
and tears [70,71]. Such platforms are devices that can be worn during 
physical activities to track the health and fitness of an individual, aiming 
for the real-time and continuous monitoring of relevant biomarkers. 
Furthermore, these platforms allow the substitution of conventional 
clinical diagnosis that demands expensive instrumentation, and large 
volumes of samples [71,72]. In this regard, 3D printing emerges as a 
great alternative to constructing wearable devices with interesting 
characteristics such as low-cost and the possibility to construct objects 

Table 1 
Analytical performance of the biosensor GNP/PB/Gox for glucose determination 
compared with the literature.  

Electrode Technique Linear range 
(μmol L− 1) 

LOD (μmol 
L− 1) 

Ref 

GOx/Chit/IL/PB/ 
Pt 

amperometry 10.0 to 4200.0 5.0 [53] 

GOx/PB 
nanocubes 

CV 10.0 to 1300.0 10.0 [54] 

GOx/PPy/Al2O3/ 
Pt 

amperometry 500.0 to 1 × 104 30.0 [55] 

rGO–GOx/PGE amperometry 10.0 to 1000.0 5.8 [56] 
GOx-DHP/Gr-AV CV 1.0 to 10.0 0.21 [6] 
Fe3O4@PNE-GOx CV 200.0 to 2.4 ×

104 
6.1 [57] 

GCE/Chi-Py/Au/ 
GOx 

amperometry 1000 to 2.0 ×
104 

68.0 [58] 

CPE/GOx-SiO2/ 
Lig/Fc 

amperometry 500.0 to 9000.0 145.0 [59] 

GNP/PB/GOx amperometry 50.0 to 500.0 9.2 This 
work 

Notes: GOx/Chit/IL/PB/Pt: Pt electrode modified with PB, ionic liquid ([bmim] 
BF4), chitosan and GOx; GOx/PB nanocubes: screen-printed electrode modified 
with nanocubic prussian blue crystals and glucose oxidase; GOx/PPy/Al2O3/Pt: 
biosensor based on polypyrrole (PPy) nanotube array deposited on a Pt plated 
nano-porous alumina substrate, modified with glucose oxidase; rGO–GOx/PGE: 
pencil graphite electrode modified with electrochemically reduced graphene 
oxide–glucose oxidase biocomposite; GOx-DHP/Gr-AV: conductive ink based on 
graphite and automotive varnish, modified with dihexadecyl phosphate and 
glucose oxidase; Fe3O4@PNE-GOx: nanoplatform based on polynorepinephrine 
grafted on magnetite nanoparticles with glucose oxidase; GCE/Chi-Py/Au/GOx: 
biosensor based on in-situ polypyrrole cross-linked chitosan/glucose oxidase/ 
gold bionanocomposite film; CPE/GOx-SiO2/Lig/Fc: carbon paste electrode 
based on functional glucose oxidase/silica-lignin system with ferrocene redox 
mediator. 
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with a great variety in composition and designs, enabling the obtention 
of non-invasive devices to be used in the monitoring of biomarkers in 
humans [73,74]. 3D printing technology can be a powerful tool for the 
obtention of objects on demand. The possibility to employ different 
materials and the molding of simple or more complex structures makes 
this technique a great option in the construction of wearable sensors 
[75]. Given that UA is a risk factor for diseases such as cardiovascular 
disease, renal disease, [76] and gout, the development of a wearable 
sensor for the detection of UA after the practice of physical activities is 
very attractive [76]. Thus, we propose the determination of UA 
employing the proposed GNP/PB sensor at a wearable wristband, ob
tained using 3D printing technology. The 3D printed wearable sensor 
was developed employing flexible non-conductive flexible ABS filament, 
and three conductive connectors were manufactured from homemade 
graphite and polylactic acid conductive filaments [77]. Fig. S13 shows 
the proposed wearable sensor, and the STL files for 3D printing are 
available on the journal website. A time-lapsed video is available 
showing the complete GNP/PB manufacturing process, including the 
obtention of the 3D printed wristband. As a proof-of-concept, mea
surements employing the produced wearable sensor were performed by 
DPV for UA. 

The wristband allowed the electrochemical measurement of UA on 
synthetic sweat directly in contact with the skin. The electrochemical 
measurement was performed by adding 5 μL of a 100.0 μmol L− 1 UA 
solution, prepared in synthetic sweat, directly to a person’s arm. For 
this, the wristband was placed with the electrode face directly to the 
sample, and a DPV measurement was then performed (Fig. S14). The 
obtained voltammogram was compared to the one obtained with the 
sensor not coupled to the wearable platform. Based on the measure
ments, it can be observed that a slight decrease in the current response 
occurred, however, this decrease corresponds to only 3%, indicating 
that the determination of UA can be performed directly towards the skin, 
with no prejudice to the electroanalytical response. 

Considering that the amount of sweat excreted by a person during 
physical activities is 0.45 a 3.80 mL [78], the proposed wearable sensor 
is suitable for the analysis of an individual’s sweat. It is also noteworthy 
to mention that if a portable potentiostat is employed, the analysis can 
be performed in loco right after exercising practice, or during physical 
activities, by the use of a miniaturized potentiostat and a 
software-controlled smartphone via wireless, allowing real-time anal
ysis. The ability to be employed as a wearable sensor makes the pro
posed sensor a very interesting platform, and the possibility of 
monitoring UA levels during or shortly after physical activity plays an 
important role in the monitoring of physical conditions strictly related to 
several chronic health problems, ranging from heart disease, type 2 
diabetes, and cancer [79]. Thus, the wearable device can act in health 
monitoring in a dynamic and non-invasive way. 

4. Conclusion 

This paper reports the development of a disposable (bio)sensor made 
of PET bottle substrate and low-cost conductive ink modified with PB 
film for the detection of UA, H2O2, and glucose. The GNP/PB presented 
an excellent analytical performance for UA and hydrogen peroxide 
determination showing linear responses in a range from 5.0 to 150.0 
μmol L− 1 and 100.0 to 800.0 μmol L− 1, respectively. LOD values of 0.70 
μmol L− 1 (UA) and 31.6 μmol L− 1 (H2O2) were obtained. The GNP/PB 
structure was modified with GOx making the biosensor named GNP/PB/ 
GOx, which was employed for the detection of glucose in synthetic sweat 
samples, with a LOD of 9.2 μmol L− 1. The biosensor provided great re
sults, and its advantages, such as miniaturization, low-cost, and easy 
preparation make this biosensor very attractive in comparison to others 
presented in the literature. Furthermore, the biosensor showed an effi
cient performance, with the potential to be applied in biological sam
ples, showing recoveries between 91.56% ± 3.91 and 100.5% ± 0.46 for 
the detection of glucose in artificial sweat. To show the versatility of the 

proposed sensor, its performance as a wearable sensor was also evalu
ated towards the response of UA, as a proof-of-concept. The response 
obtained using the wearable wristband, in direct contact with the skin, 
showed a response similar to the obtained conventionally, with a 
decrease in the current peak of only 3%. Therefore, GNP/PB and GNP/ 
PB/GOx are simple systems that present relevant characteristics, 
versatility, and efficient determination for UA, hydrogen peroxide, and 
glucose. In addition, the estimated cost per sensor unit was US$ 0.91 and 
for the biosensor was US$ 1.33, which makes these platforms attractive 
in the face of laboratory testing. 
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[72] J. Kim, A.S. Campbell, B.E.F. de Ávila, J. Wang, Wearable biosensors for healthcare 
monitoring, Nat. Biotechnol. 37 (2019) 389–406. 

[73] J.S. Stefano, C. Kalinke, R.G. da Rocha, D.P. Rocha, V.A.O.P. da Silva, J.A. Bonacin, 
L. Angnes, E.M. Richter, B.C. Janegitz, R.A. Abarza Muñoz, Electrochemical (Bio) 
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