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Abstract 
 
Point-of-care applications and patients’ real-time monitoring outside a clinical setting would 

require disposable and durable sensors to provide better therapies and quality of life for 

patients. This paper describes the fabrication and performances of a temperature and a 

pH sensor on a biocompatible and wearable board for healthcare applications. The 

temperature sensor was based on a reduced graphene oxide (rGO) layer that changed its 

electrical resistivity with the temperature. When tested in a human serum sample between 

25 and 43 °C, the sensor had a sensitivity of 110 ± 10 Ω/°C and an error of 0.4 ± 0.1 °C 

compared with the reference value set in a thermostatic bath. The pH sensor, based on a 

graphene oxide (GO) sensitive layer, had a sensitivity of 40 ± 4 mV/pH in the pH range 

between 4 and 10. Five sensor prototypes were tested in a human serum sample over one 

week and the maximum deviation of the average response from reference values obtained 

by a glass electrode was 0.2 pH units. For biological applications, the temperature and pH 
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sensors were successfully tested for in vitro cytotoxicity with human fibroblast cells (MRC-

5) over 24 h. 
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1. Introduction 
 
pH plays a critical role in regulating the reactivity of many chemical species, thus its 

measurement is fundamental in many fields ranging from agriculture and environmental 

science to chemical engineering, chemistry and food science to biology and medicine. In 

living organisms, metabolic processes can only take place if very specific physical and 

chemical conditions are met, which is why the pH of extracellular fluids, including blood 

plasma, is maintained at 7.4 by very efficient buffering systems. Pathologies such as 

diabetes, renal and respiratory failure may imbalance blood pH (American Diabetes 

Association, 2001; Duffin and Philipson, 2010; Kraut and Kurtz, 2005) which is why 

therapies require the accurate monitoring of this parameter. However, pH is also 

measured in other human fluids. The pH of tear fluid was shown to be significantly more 

acidic in contact lens wearers and more alkaline in patients with lacrimal stenosis and 

keratitis (Norn, 1988). Salivary pH affects dental health and can be measured during drug 

monitoring (Kleinberg, 1964; Mueklow et al., 1978; Osterberg et al., 1984). The pH of 

exhaled breath condensate is over two orders of magnitude lower than normal in patients 

with acute asthma and normalizes with corticosteroid therapy (Hunt et al., 2000). In urine, 

changes in pH can be a sign of a metabolic syndrome or renal disease (Buckalew Jr. et 

al., 1968; Maalouf et al., 2007; Remer and Manz, 1995). The mild acidity of sweat, which 

provides partial protection from the action of certain bacteria and fungi, is related to the 
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relatively high content of lactate and thus sweat pH carries information in relation to 

physical activity and body hydration levels (Coyle et al., 2010; Curto et al., 2012).  

In 2010, 33 million Europeans suffered from diabetes with an impact of approximately 93 

billion dollars on healthcare expenditure, and this is expected to increase (Ghimenti et al., 

2013; Organisation for Economic Co-operation and Development, 2010). Diabetic patients 

have a 25% risk of developing a foot ulcer, which often becomes infected (Singh et al., 

2005). To date, the real-time monitoring of foot and leg ulcers mainly assesses the level of 

physical activity, which can improve the healing rate, via wearable inertial sensors 

(Huyghe et al., 2012; Melai et al., 2016). However, variations in heterogeneous 

parameters such as temperature, pH, erythrocyte sedimentation rate and abnormal white 

blood count are associated with an infection (Dini et al., 2015; Eneroth et al., 1999; Salvo 

et al., 2015). A local increase in temperature is associated with a high risk of developing 

an ulcer, thus the temperature measurement could be used for prevention (Armstrong et 

al., 2007). During the healing process, wounds produce exudate, which is a fluid 

containing water, proteins, matrix metalloproteinases (MMPs) and electrolytes (Cutting, 

2009). pH measurements can be used to monitor the ulcer status since a slightly acidic 

wound exudate is associated with healing, whereas alkaline pH values are found in 

chronic or infected ulcers (Glibbery and Mani, 1992). 

The literature reports many examples of temperature and pH sensors, however to the best 

of our knowledge there is no single wearable and biocompatible platform for the real-time 

monitoring of pH and temperature in direct contact with human fluids such as blood and 

exudate. Currently, the ulcer status and efficacy of treatment are evaluated in specialized 

hospital units where patients are generally examined weekly, so clinicians have no 

knowledge of how the ulcer is healing when the patient is at home (Warriner et al., 2012). 

A continuous and remote patient monitoring would provide better quality of life, 

personalized treatments and prompt responses in the case of infection, however at 
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present this is impracticable. Lavery et al. described the monitoring of ulcer temperature 

with a digital infrared thermometer, however this device is not for home use because it is 

expensive and unwearable (Lavery et al., 2007). Other wearable temperature sensors and 

materials reported in the literature are not yet sufficiently well developed for clinical use 

(Biver et al., 2015; Giuliani et al., 2014; Matzeu et al., 2012). The measurement of pH has 

similar limitations, as there are no wearable sensors capable of a continuous 

measurement at the wound site. 

Within the framework of the European project SWAN-iCare, wearable temperature and pH 

sensors are being developed to monitor leg and diabetic foot ulcers in contact with 

exudate continuously over one week. Data are saved in an online database that is 

accessible by clinicians, who will be promptly informed if abnormal parameters are 

recorded (Salvo et al., 2016; Texier et al., 2013; Texier et al., 2014). This paper describes 

the advances in the development of these SWAN-iCare sensors, which are a disposable 

alternative to the cumbersome and fragile glass electrode and low-accuracy paper strips.  

The temperature-sensitive layer was made of reduced graphene oxide (rGO), whereas the 

pH-sensitive layer was made of graphene oxide (GO). Graphene is well known for its 

excellent properties, such as the high carrier mobility, ballistic transport, chemical 

robustness in aqueous environments, large surface area, and strong mechanical stiffness, 

which make it suitable for fast electronics and highly sensitive sensors (Akhavan et al., 

2014; Carbone et al., 2015; Favero et al., 2015; Gao et al., 2015; Lawal, 2105; Lee et al., 

2015; Song et al., 2016). In particular, graphene-based temperature and pH sensors can 

lead to superior performances compared with similar alternatives in the field (Ang et al., 

2008; Yang et al., 2015). The effect of temperature on the electrical resistance of few-layer 

graphene (FLG) and graphene nanosheets (GN) depends on the carrier scattering and 

shows a negative thermal coefficient with larger resistance variations associated with 

increasing graphene thickness (Fang et al., 2015). For GO, the sensitivity to pH depends 
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on the hydroxyl (OH) and carboxyl (COOH) groups, which protonate or de-protonate as 

the pH changes (Shih et al., 2012). The epoxy groups (COC) on the basal plane of a GO 

sheet can turn into hydroxyl groups at alkaline pH and partially return to their initial 

structure at acidic pH (Taniguchi et al., 2015). In the literature, there are several examples 

of how these two chemical species can be used to fabricate sensors for biomedical 

applications, e.g. to detect DNA sequences, leukaemia cells, metal ions, and small 

biomolecules such as dopamine, but not for real-time monitoring over many days 

(Akhavan et al., 2012a, 2014; Dong et al., 2010; Shao et al., 2010; Zhou et al., 2009). 

However, these approaches often require complex fabrication processes, are not suitable 

for real-time monitoring, and do not provide a single platform to measure both temperature 

and pH. In this paper, we report the fabrication, characterization and performances of rGO 

and GO film-based sensors for measuring temperature and pH in human serum, 

respectively. Our solution integrates temperature and pH sensors on the same 2D 

platform, with the advantages of compactness and mass production, and potential use in 

thin flexible electronics. 

 

 

2. Experimental section 

 

2.1 Materials 

The graphite powder (14735, UCP-1 grade, Ultra “F” purity) was purchased from Alfa 

Aesar. For the GO and rGO synthesis, sulphuric acid (30743), potassium permanganate 

(13206), sodium nitrate (S5506) and ascorbic acid (A7506-1KG) were all purchased from 

Sigma Aldrich. The pH buffer solutions were prepared with sodium chloride (793566), citric 

acid monohydrate (C1909), sodium hydroxide (S8045), sodium phosphate dibasic 

dehydrate (71645), potassium phosphate monobasic (P9791), sodium tetraborate 
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decahydrate (S9640) and hydrochloric acid (84415) purchased from Sigma Aldrich. The 

pH and temperature sensors were designed on flexible screen-printed boards fabricated 

by Topflight, Italy (Fig. 1a-b). These boards consisted of a polyethylene terephthalate 

(PET, 125 µm thick, Coveme) substrate with silver signal tracks (5004, Loctite ECI). A 

polyester resin (Electrodag ML 25208, 30 µm thick, Acheson) was used to passivate the 

PET boards. The polydimethylsiloxane (PDMS) MED-6010 was purchased from NuSil. 

The PET boards had a clincher (65801-010LF, FCI) to connect to the measurement 

electronics. 

The cell viability was assessed using the Cell Proliferation Reagent WST-1 (CELLPRO-RO 

Roche), the cell counting kit-8 for quantitation of the number of viable cells in proliferation 

and cytotoxicity assays (96992), the minimum essential medium with 2 mM L-Glutamine 

and 1% non-essential amino acids (MEM, 56416C), and the fetal bovine serum (FBS, 

F6178), which were all purchased from Sigma Aldrich. The human fibroblast cell line 

(MRC-5, HL95001) was obtained from the Interlab Cell Line Collection (ICLC). 

 

 

2.2 Measurements 

The pH was measured as the change in the open circuit potential between the WE and the 

RE (potentiostat/galvanostat Palmsens3, Palmsens). The reference pH meter was a 

Crison Basic 20 with an XS Sensor glass electrode model Micro P. The temperature-

resistance (T-R) curve was measured by a digital multimeter (Model 2700, Keithley), 

whereas the calibration was performed with a thermostatic bath (F 32, Julabo) and a 

temperature controller (ME, Julabo). 

X-ray photoelectron spectroscopy (XPS) analysis was performed on self-standing thick 

films of GO and rGO directly mounted on the XPS sample holder and then installed in a 

(ultra-high vacuum) UHV analysis chamber. The chamber also contained a VSW-TA10 X-
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ray source and a VSW-HA100 hemispherical analyser mounting a 16-channel detector, 

both by PSP Vacuum Technology. The X-ray non-monochromatic source (Mg Kα 

radiation, 1253.6 eV) was operated at 100 W (10 kV and 10 mA). The analyser was 

provided with a differential pumping stage to operate down to a pressure of 5·10-8 mbar in 

the main chamber. XPS spectra were measured at normal emission with a fixed pass 

energy of 10 eV. The inelastic background in the spectra was subtracted by Shirley’s 

method (Shirley, 1972). The deconvolution of the XPS spectra was carried out using the 

product of Gaussian and Lorentzian line shapes for each component and imposing an 

identical FWHM of about 1.3±0.1 eV. As an independent calibration was impossible due to 

the lack of additional reference signals, the spectra were aligned by placing the component 

of the C1s spectra corresponding to the sp
2 carbon of graphene at 284.6 eV in good 

agreement with earlier reports (Liu et al. 2010; Meng and Park, 2012; Stankovich et al., 

2006; Stathi et al., 2015). 

Micro-Raman spectroscopy was carried out using a Renishaw Raman Invia instrument. 

The instrument was equipped with an 1800 grooves/mm diffraction grating, a charge-

coupled device (CCD) detector, a 50X magnifying lens, and a 532 nm Nd:YAG diode laser. 

Lorentzian fitting via the Levenberg-Marquardt algorithm was used to calculate the band 

peaks and the full width at half-maximum (FWHM). 

A Quanta 450 FEG by FEI was used for scanning electron microscope (SEM) analysis. 

 

2.3 GO and rGO synthesis  

GO can be obtained from graphite oxide by mechanical exfoliation. We synthesized 

graphite oxide by Hummers’ method (Hummers and Offeman, 1958) with slight 

modifications to the temperature of the reactions. A solution of strong oxidizing agents was 

used to oxidize the graphite powder and produce graphite oxide: 

Graphite + H2SO4 + NaNO3 + KMnO4 → Graphite Oxide 
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In this reaction, the manganese heptoxide (Mn2O7), formed by the reaction of potassium 

permanganate (KMnO4) and sulfuric acid (H2SO4): 

2 KMnO4 + 2 H2SO4 → Mn2O7 + 2 KHSO4 + H2O 

is the main graphite’s oxidizing reactant. Sulfuric acid, sodium nitrate and potassium 

permanganate were purchased from Sigma Aldrich, and the resulting GO dispersion 

(concentration 4 mg/mL) was used to fabricate pH sensors.  

 

2.4 Fabrication of sensors 

The pH sensing board included four working electrodes (WEs) and one reference 

electrode (RE). Each WE consisted of a 16 µm graphite layer (diameter 2 mm), whereas 

the RE was a 20 µm thick layer of Ag/AgCl (diameter 1 mm). The PET board was coated 

with the polyester resin to passivate the whole surface except for the active areas of the 

WEs and the RE. A GO dispersion (1.2 µL, concentration 4 mg/mL) was drop-casted and 

left to dry on each WE to obtain pH-sensitive films. 

The fabrication of temperature sensors started by diluting the previous GO dispersion 

(concentration 0.1 mg/mL) and drop-casting 10 µL aliquots onto each of the four 6 mm x 

3.5 mm temperature sensitive areas housed on a flexible PET board. Each area included a 

pair of screen printed silver electrodes (length 6 mm, width 600 µm, spacing 500 µm) (Fig. 

1c). After drop-casting, the coated electrodes were left to dry for 6 h at room temperature 

and then for 1 h at 110 °C to improve the adhesion between the silver electrodes and the 

GO layer. The GO reduction was carried out by dipping the layer for 20 min in 200 mL of 

deionized water at 80 °C containing 0.5 g of ascorbic acid. Afterwards, the sensor was 

rinsed with deionized water and dried in an oven for 3 h at 110 °C. 

 

 

2.5  Biocompatibility test 
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The GO and rGO biocompatibilities were investigated according to the European Union 

Directive 90/385/EEC. The MRC-5 cells were grown in minimum essential medium (MEM) 

culture with 10% FBS at 37°C in a humidified atmosphere containing 5% CO2. Direct 

contact tests were performed by placing test specimens in cell culture wells. The non-

cytotoxicity of the boards was assessed using the Cell Proliferation Reagent WST-1 

following the protocol described by Roche Diagnostics. The specimens were placed in a 

broth medium that included MEM with 10% FBS and MRC-5 (p33) cells. The MRC-5 cell 

layer was in direct contact with 50 mm2 specimens. Ten thousand cell/well for 96 wells 

were incubated for 24 h in the presence of the culture medium. As a control, some wells 

were used without any specimen. 

The study protocol was approved by the reference Ethical Committee, protocol number 

DAM/MD/002/15. The research was performed in accordance with the guidelines of the 

Declaration of Helsinki and with informed consent from all the subjects involved. 

 

 

3. Results and Discussion 

 

3.1 XPS analysis 

The efficiency of the optimized Hummers’ method and the GO reduction were evaluated 

using the XPS analysis. A significant number of oxidized carbon groups is desirable to 

enhance the GO’s pH sensing properties, as the amount of oxygen is directly proportional 

to the presence of the pH-sensitive groups such as OH, COOH and COC. Conversely, for 

temperature sensing, a good conductivity is only obtained if rGO mainly consists of non-

oxygenated carbons resulting from an efficient reduction and the restoration of the typical 

graphene sp
2 hybridization. The investigation of the C1s region of the GO sample and the 

comparison with the rGO sample analysis performed by high resolution XPS enabled the 
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efficiency of the reduction process and the abundance of the residual functional groups in 

rGO to be estimated (Fig. 2). 

The GO and rGO samples were prepared ex situ, thus an analogous analysis of the O1s 

region was not reliable due to the spurious contribution of physisorbed water. 

Table 1 summarises the results of the semi-quantitative analysis performed in the C1s 

region in accordance with previous works. In agreement with the literature (Liu et al. 2010; 

Meng and Park, 2012; Stankovich et al., 2006; Stathi et al., 2015), the carbonylic (C=O) 

and epoxy and hydroxyl (C-O) species dominated the GO sample. After reduction, the 

main contribution to the C1s signal was provided by non-oxygenated carbons, however a 

significant fraction of oxidized carbons persisted, similarly to the other rGO systems 

mentioned above. The peak intensities of the oxygen-containing carbons was 87% in the 

GO sample and decreased to 29% after reduction (Table 1. Since the XPS penetration 

depth is limited to a few nanometres, this estimation only refers to the near surface layer of 

the sample). This decrease is close to the result (65%) reported by Akhavan et al. using 

green tea to reduce GO (Akhavan et al., 2012).  

 

 
3.2 Micro-Raman spectroscopy 

 
Fig. 3 shows the characteristic D, G, 2D and D+D’ bands of the GO and rGO spectra. The 

D band arises from the breathing modes of the phonon dispersions near the K points in the 

Brillouin zone, and is activated by defects in the graphene structure, whereas the G band 

accounts for the ���
phonon at the Brillouin zone centre. The  !/ " intensity ratio of the D 

and G peaks depends on the defect density and can be used to estimate the mean defect 

distance LD (Grimm et al., 2016). For defective graphene, two stages can be identified 

according to  !/ ", namely stage 1, corresponding to a largely intact graphene lattice, and 

stage 2, corresponding to a graphene dominated by defects. In our samples, we found the 
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D and G bands at 1350 and 1585 cm-1 for GO, respectively, whereas the corresponding 

rGO bands were at 1346 and 1585 cm-1. The  !/ " ratios were 0.96 and 1.14 for GO and 

rGO, respectively. The D band FWHMs were 136 and 109 cm-1 for GO and rGO, 

respectively. The G band FWHMs were 72 and 68 cm-1 for GO and rGO, respectively. 

These results agree with those reported by (Zhang et al., 2010) and (Eigler et al., 2012) for 

rGO obtained by chemical reduction, e.g. using ascorbic acid or hydrazine. The  !/ " 

change after reduction depended on the removal of functional groups and the creation of 

defects. The D band shift and the invariance of the G band are typical of defective 

graphene. This result, associated with the  !/ " and FWHM values, indicates that our 

graphene belongs to stage 2, thus LD < 3 nm can be estimated. The second order 2D band 

accounts for the resonant phonon scattering and does not depend on defects. The  �!/ " 

ratio decreases with an increasing number of graphene layers, whereas the D+D’ band is 

only visible in the presence of defects. In stage 2, the 2D (centred at 2705 cm-1) and D+D’ 

(centred at 2839 and 2904 cm-1 for GO and rGO, respectively) bands are broad and not 

well-defined (inset Fig. 3) as reported by Cançado et al., 2011. For rGO,  �!/ " was 0.14, 

thus indicating about 4 sheets of graphene (Akhavan, 2015). 

 

 
3.3 SEM analysis 

 
The morphological properties of GO and rGO were investigated using SEM analysis. Fig. 

3b shows the GO layer on a graphite WE. A moderate number of wrinkles and large 

surface flakes are visible and indicate a good exfoliation of graphite. The rGO dispersion 

was less concentrated and deposited on a larger area than GO. The rGO surface on the 

PET substrate is smooth and the structure is compact with almost no wrinkles. 
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3.4 Temperature sensor 

For our temperature sensor, we exploited the temperature dependence of conductivity in 

reduced graphene oxide. As reduced graphene oxide is similar to graphene (Stankovich et 

al., 2007), an analogous dependence of conductivity with temperature can be assumed for 

these materials. In the range -263.15 to -173.15 °C, the electrical carriers in graphene 

exhibit a near-ballistic transport, and conductivity can be assumed to be independent of 

temperature. At higher temperatures, conductivity variations depend on the density of 

carriers. At large carrier density, graphene behaves like a metal conductor, whereas at low 

carrier density, it exhibits a negative temperature coefficient (NTC) type dependence 

(Bolotin et al., 2008; Kong et al., 2012). As graphene resistivity is sensitive to the 

adsorption of water and oxygen molecules, we coated the rGO layer with the biomedical 

grade PDMS MED-6010. The temperature sensors were calibrated over the temperature 

range from 25 to 43 °C in human serum. The investigated temperature range can be used 

to discriminate between patients with normal and infected wounds (Dini et al., 2015; Grice 

et al., 1971), and is wide enough to perform measurements of clinical interest on human 

fluids such as blood, urine, exudate, and saliva. Initially, each sensor was individually 

calibrated due to the large variations in the baseline resistance related to the manual 

fabrication. However, we observed small variations in sensitivity over four different 

sensors, i.e. dR/dT was approximately 110 ± 10 Ω / °C, where R is the resistance and T 

the temperature. Fig. 4a shows the calibration curve (# = −188.84 · % + 20032; R2 = 

0.999) for a temperature sensor after three cycles. After the three cycles, the root-mean-

square error (RMSE) was about 30 Ω, which accounted for a repeatability error of about 

±0.25 °C. Fig. 4b shows a measurement of a rGO sensor in human serum during a six-

hour cycling test. The rGO temperature sensor had an error of 0.4 ± 0.1 °C. Although 

satisfactory for wound monitoring (Mehmood et al., 2015), this result could be improved as 

we hypothesized that the physical adsorption of liquid molecules onto the rGO layer was 
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probably due to a poor adhesion of PDMS onto the PET substrate. Recently, an Al2O3 

coating was proposed as a possible solution to stabilize graphene which could also be 

used for our rGO sensor (Sagade et al., 2015). 

 

3.5 pH sensor 

Before use, each GO pH sensor was conditioned by immersing it for 10 h in buffer 

solutions at pH 4, 7 and 10, respectively. The range between 4 and 10 is broad enough to 

cover the physiological variations of pH (Shi et al., 2015; Yan et al., 2014). For chronic 

wounds, the literature reports a pH interval between 6.5 and 9 (Dissemond et al., 2003; 

Gethin, 2007; Greener et al., 2005). Fig. 4c shows a typical calibration curve ('()*,-5 =

 −40.27 · 69 + 350.83; R2=0.994). The sensitivity was about 40 ± 4 mV/pH, calculated over 

five sensors. Each pH sensor had a repeatability error over three measurements for each 

pH value of about ± 4 mV. The five GO sensors and a Micro P glass electrode were 

compared over 1 week in a human serum sample (Fig. 4d). The calibration was performed 

in buffer solutions with the same chloride concentration (0.1 M) of human serum to prevent 

any interference on the RE.    

The temperature was kept at 25 °C. Our tests showed that 1 week is the sensor lifetime in 

human serum, since the reference electrode (RE) had deteriorated probably because of 

biofouling. This hypothesis was supported by the fact that when the five pH sensors were 

taken out from the serum and immersed in a buffer solution at pH 7, they retrieved their 

functionality after 24 h (the difference between before and after immersion in serum was 

0.1 pH units), thus excluding the occurrence of redox reaction in serum.  The results 

showed a good agreement with data from the glass electrode as the mean difference 

between pH data from the two sensors was about 0.1 ± 0.1 pH units (standard deviations 

for the glass electrode and GO sensor were 0.05 and 0.1 pH unit, respectively). In the 

range [25, 45] °C, the maximum dependence of the voltage reading from temperature was 
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-0.5 mV/°C, which is a variation of about 0.01 pH/°C. Figure 4e shows the stability at pH 4 

and 10 over 1 h test with a sampling time of 1 min. At nominal pH 4 and 10, the GO sensor 

returned 3.9 ± 0.1 and 10.1 ± 0.1, respectively. The hysteresis was assessed by 

increasing the pH from 4 to 10 and decreasing it from 10 to 4 (Fig. 4f). The maximum 

hysteresis error was 0.15 pH unit. 

 

 

3.6 Biocompatibility 

The pH and the temperature sensors were tested separately. After 24 h, the percentage of 

cells in the wells with the boards was within the variation range of the cell amount given 

from the control (Fig. 5). This is considered as a 0 grade toxicity, according to the 

international standard ISO 10993-5:2009 on the biological evaluation of medical devices, 

part 5, tests for in vitro cytotoxicity. 

 

 

4. Conclusions 

In this paper, we proposed an rGO-based and a GO-based pH sensor capable of 

monitoring temperature and pH, respectively, in contact with human serum over one week. 

The rGO sensor provided data in good agreement with reference sensors, and a different 

coating (e.g. Al2O3) may improve the stability and further reduce the observed deviations 

of 0.4 ± 0.1 °C. The rGO sensor response was highly linear (R2 = 0.999) and the sensitivity 

of 110 ± 10 Ω was higher than that of average commercial thermistors in the range 25–43 

°C. The GO pH sensor was linear over the pH range 4–10, had a sensitivity of 40 ± 4 

mV/pH and a repeatability of ± 4 mV/pH. In the linear range, the stability error at lower and 

upper bounds was ± 0.1 pH units, whereas the hysteresis was 0.15 pH units. The GO pH 

sensor showed a comparable performance with a pH glass electrode in human serum over 
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one week with a difference of 0.1 ± 0.1 pH units. An advantage of our solution is that a 

biocompatible and wearable board with temperature and pH sensors can be fabricated. 

This board can be used for point-of-care applications or for monitoring patients outside the 

hospital or specialized labs. Furthermore, the use of 2D materials would speed up the 

integration of sensors in flexible electronics and pave the way to mass production. For 

tests on patients, the board can be modified in terms of the size and number of sensors. 

Future work will include a reduction in the biofouling and improving the stability for longer 

periods than one week. An ion-selective membrane is under investigation to stabilize the 

RE in the presence of a variable concentration of chloride ions. In particular, we aim to 

monitor the wound status of patients affected by chronic wounds in real-time and while at 

home. Although the sensors’ biocompatibility was assessed, the tolerability of the board in 

contact with the wound still needs to be investigated. A possible improvement for patient 

comfort could be to reduce the dimension of the sensors to obtain a micrometre scale. 
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Figure 1. a) A flexible PET screen printed board used for measuring pH. Boards with different 

lengths and number of sensors can be used according to wound dimensions. b) Detail of the pH 

sensor board. Each working electrode (WE, diameter 2 mm) is coated with a GO film. The 

reference electrode (RE, diameter 1 mm) is Ag/AgCl. c) A flexible PET screen printed board used 

for measuring temperature. The active area is 6 mm x 3.5 mm and electrodes (600 µm wide – 500 

µm spaced) are connected to the readout electronics by silver tracks. The sensitive layer consists of 

reduced graphene oxide. Boards with different lengths can be used according to wound dimensions. 

Figure 2. C1s region of the XPS spectra of the GO and rGO samples. The black circles indicate the 

experimental data, whereas the back lines represent the fitted curves resulting from the convolution 

of the four main components identified in the experimental spectra. 

Figure 3. a) Raman spectra of GO and rGO including the D, G, 2D and D+D’ bands. b) SEM 

micrograph of a GO layer where wrinkles and flakes are visible on the surface. c) SEM micrograph 

of an rGO layer, the surface is smooth and compact. 

Figure 4. a) Calibration curve of an rGO temperature sensor performed in human serum over three 

cycles from 25 to 43 °C: the repeatability error was about ±0.25 °C. b) Real-time monitoring of 

temperature in human serum with an rGO sensor compared with the reference temperature values of 

a thermostatic bath. c) Average calibration curve of five GO pH sensors; each pH level was 

measured three times with all sensors, whereas error bars represent the measurement standard 

deviation. d) Comparison of average measurements from five GO sensors and a reference glass 

electrode (Micro P, XS Sensor) over one week in human serum; error bars represent the 

measurement standard deviation. e) Stability of the GO pH sensor at pH 4 and 10 over one hour; f) 

hysteresis of a GO pH sensor over a cycle of measurements from pH 4 to 10 and reverse. 
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Figure 5. Percentage of cell viability after 24 h. There is no significant difference between the 

percentage of cells in the control wells compared with the wells with the temperature and pH 

sensors. 

 

 

 

Table 1. Functional group percentages in the GO and rGO samples and total O-containing carbons 

resulting from the deconvolution of the XPS spectra. The binding energies (BE) were estimated 

with reference to the sp
2
 carbon of graphene as described in the methods. 

 
GO [BE (eV)] rGO  [BE (eV)] 

C-C 13% [284.6] 71% [284.6]
 

C-O 34% [285.7] 12% [286.1] 

C=O 47% [287.6] 11% [287.1] 

C(O)OH 6%   [289.2] 6% [288.7] 

O-containing C 87% 29% 

 

 

 
 

Highlights 
 

 

· Disposable 2D temperature e pH sensors. 

· The biocompatibility was assessed according to the European Union Directive 90/385/EEC. 

· Sensors performances were comparable to gold standards. 

· The pH sensor properly worked over one week in contact with human serum. 

· The sensors substrates are light and flexible, thus suitable for wearable sensing platforms. 
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