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A B S T R A C T   

High concentrations of H2O2, indicative of increased oxidative stress in the lung, are observed in the exhaled 
breath of individuals affected by different respiratory diseases. Therefore, measuring H2O2 in exhaled breath 
represents a promising and non-invasive approach for monitoring the onset and progression of these diseases. 
Herein, we have developed an innovative, inexpensive, and easy-to-use device for the measurement of H2O2 in 
exhaled breath. The device is based on a silver layer covered with an electrodeposited thin film of chitosan, that 
ensures the wettability of the sensor in a humid atmosphere. The s-ensor was calibrated in the aerosol phase 
using both phosphate buffer solution and cell culture medium. In the buffer, a sensitivity of 0.110 ± 0.0042 μA 
μM− 1 cm− 2 (RSD: 4%) and a limit of detection of 30 μM were calculated, while in the cell culture medium, a 
sensitivity of 0.098 ± 0.0022 μA μM− 1 cm− 2 (RSD 2%) and a limit of detection of 40 μM were obtained. High 
selectivity to different interfering species was also verified. The sensor was further tested versus an aerosol phase 
obtained by nebulizing the culture medium derived from human bronchial epithelial cells that had been exposed 
to pro-oxidant and antioxidant treatments. The results were comparable with those obtained using the con-
ventional cytofluorimetric method. Finally, sensor was tested in real exhaled breath samples and even after 
undergoing physical deformations. Data herein presented support that in future applications this device can be 
integrated into face masks allowing for easy breath monitoring.   

1. Introduction 

Asthma, chronic obstructive pulmonary disease (COPD) and occu-
pational lung diseases are the most common chronic respiratory diseases 
in the world (Anh et al., 2005; Shukla et al., 2020), with tobacco smoke, 
air pollution, exposure to chemicals and dusts, frequently present in 
industrial work environments, representing the major risk factors. The 
World Health Organization (WHO) has recently launched a Chronic 
Respiratory Diseases Programme to support the Member States in their 
efforts to reduce occupational risks through continuous monitoring of 
workers’ health status (“https://www.who.int/health-topics/ch 
ronic-respiratory-diseases#tab=tab_1,” n.d.) in addition to adopting 
protective equipment (masks) (“https://www.who.int/europe/health 

-topics/chronic-respiratory-diseases#tab=tab_1,” n.d.). Such moni-
toring can be performed by analyzing easily accessible body fluids 
including urine, sweat, tears, and breath (Lin et al., 2022). Among these, 
breath is a very interesting biofluid as it contains relevant information 
concerning the respiratory health status of an individual (Kaloumenou 
et al., 2022). The aerosol phase of exhaled breath (EB) consists of 
aqueous droplets dispersed in a gaseous phase (Davis, 2020; Pleil et al., 
2018). EB contains more than 200 compounds (Das and Pal, 2020), 
including volatile organic compounds (VOCs), hydrogen peroxide 
(H2O2), ammonia and nitric oxide (Boots et al., 2012). The analysis of 
H2O2 in EB is considered a promising, non-invasive approach for sup-
porting early diagnosis and monitoring of respiratory diseases (Das and 
Pal, 2020). The concentration of H2O2 in Exhaled Breath Condensate 
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(EBC) samples varies over time and ranges from 0.02 up to 8 μM 
(Dekhuijzen et al., 1996; Inonu et al., 2012; Murata et al., 2014; 
Nagaraja et al., 2012; Rysz et al., 2007), depending on health conditions. 

The conventional method for EB analysis is the collection of EBC 
(Grob et al., 2008). This sampling procedure requires specialized labo-
ratories and it is therefore inadequate for real-time diagnostics 
(Połomska et al., 2021). The urgent need and interest to monitor res-
piratory pathologies has driven the development of innovative tech-
nologies (Szunerits et al., 2023; Tiele et al., 2020), and low-cost and 
open-source solutions that allow for real-time and in situ monitoring of 
breath biomarkers (Ainla et al., 2018; Aznar-Poveda et al., 2018; Lu 
et al., 2023). Electrochemical sensors are simple to use, may be mini-
aturised, require small sample volumes (μl) and very small and portable 
instrumentation (O’Sullivan et al., 2022). This technology is thus 
considered a key enabler of more efficient and inclusive healthcare 
services performed “near the patient” by non-professional personnel, 
consistent with modern approaches to personalized medicine. 

Many papers have reported electrochemical sensors immersed in 
EBC (Bhide et al., 2022; Diouf et al., 2020). However, the direct appli-
cation of these devices for EB monitoring is still limited due to the dif-
ficulty of undertaking analysis in the absence of a liquid electrolyte. This 
shortcoming may be addressed by employing absorbent materials 
capable of trapping the EB such as paper or biopolymers, on an electrode 
surface (Lopresti et al., 2022). Absorbent materials can be humidified, 
thus allowing electrolytic contact with the underlying electrodes. To the 
best of our knowledge, very few papers can be found in the literature 
using this approach. In particular, Maier et al. have used a paper-based 
screen-printed electrode for the quantification of H2O2 in the linear 
range of 40–320 μM with a sensitivity of 0.002 μA μM− 1 cm− 2. A very 
similar approach was proposed by Fiore et al. who obtained a 
paper-based sensor capable of detecting H2O2 in the range from 0.3 to 
2.3 M (Fiore et al., 2021). In both papers, Prussian blue (PB) was used to 
increase the sensor sensitivity. However, the use of PB has some draw-
backs, due to its high instability and short lifetime (Manabe et al., 2020; 
Wang et al., 2014). The results obtained by Maier et al. and Fiore et al. 
are very interesting because the availability of smart face masks, 
simultaneously ensuring EB collection and analysis, will have an 
increasing socio-economic impact. They represent a convenient and 
cost-effective solution for non-invasive direct monitoring of individuals 
with respiratory diseases (Szunerits et al., 2023). 

Herein, we propose a silver/chitosan sensor for the quantification of 
H2O2 in the aerosol phase. Chitosan was selected because of its 
biocompatibility, biodegradability and very high swelling degree 
(Khalid et al., 2002). The sensor comprised three electrodes fabricated 
using the silver layer from recycled optical storage disks, as described 
previously (Lopresti et al., 2022; Patella et al., 2022a). The sensor was 
characterized using physical and chemical analyses and employed to 
quantify H2O2 both in the liquid and the aerosol phase. Importantly, the 
ability of the sensor to quantify H2O2 released by human bronchial 
epithelial cells, 16HBE, was tested. 16HBE cells were exposed to ciga-
rette smoke extract (CSE, an inducer of oxidative stress), in the pre-
sence/absence of the antioxidant N-acetylcysteine (NAC) and the drug 
formoterol (FORM). The conditioned medium was nebulized to mimic 
exhaled breath and H2O2 concentration in the aerosol phase was 
measured. Finally, the sensor was also tested using real samples of EBC. 

2. Experimental 

The details of experimental methods are presented in the Supple-
mentary Materials. Briefly, the sensor was fabricated by peeling off the 
silver layer from compact discs (CDs) using double tape, as described 
previously (Lopresti et al., 2022; Patella et al., 2022a). A three elec-
trodes configuration (Fig. S1, see Scheme S1) was produced using a laser 
cutter. An Ag/AgCl paste was applied to the reference area to produce a 
pseudo-reference electrode (RE). A graphite paste was then used to coat 
the counter electrode area to obtain a stable counter electrode (CE). The 

Ag working electrode (WE) was not modified. A chitosan layer was 
electrodeposited on top of all three electrodes to allow contact between 
electrodes and electrolyte. 

Field Emission Scanning Electron Microscopy (FESEM), Energy 
Dispersive Spectroscopy (EDS), X-ray diffraction (XRD), Raman spec-
troscopy, FT-IR analysis and contact angle measurements were used to 
characterize the sensor. 

Sensor performance was evaluated using Linear Sweep Voltammetry 
(LSV). Tests were carried out in the liquid phase (phosphate buffer so-
lution, PBS) and, to simulate the humid atmosphere of EB, were also 
repeated by nebulizing solutions with different concentrations of 
hydrogen peroxide. The selectivity of the sensor was also verified for 
common interfering species. Finally, the sensor was also used both 
analyse the cell culture medium of 16HBE cells (MEM) and real samples 
of EBC. 

A cell line of immortalized human normal bronchial epithelial, 
16HBE, was pre-treated with NAC (1 mM) for 2 h, with FORM (10-8 M) 
for 30 min and then exposed to CSE 20% for 24 h. CSE was prepared by 
burning two cigarettes (3R4F -Kentucky - The Tobacco Research Insti-
tute, University of Kentucky), without any filter, in 20 mL of PBS using a 
Watson-Marlow 323 E/D peristaltic pump. The solution was filter- 
sterilized using a 0.22 μm pore filter and was assumed to be 100% 
CSE. Following stimulation, the culture medium was collected to mea-
sure the H2O2 using the sensor, and cells were harvested to evaluate 
intracellular oxidative stress by flow cytometry using the Mito-SOX™ 
Red probe. 

3. Results and discussions 

3.1. Electrode fabrication and characterization 

The electrodeposition of the chitosan layer was carefully optimized 
to obtain a thin, homogeneous, and uniform film covering the entire 
sensor surface. This layer permitted absorption of the EB, allowing any 
H2O2 present in the sample to diffuse toward the surface of a WE where 
it could be detected. 

The electrodeposition of chitosan occurred as follows (Avcu et al., 
2019):  

Chit-NH2 + H3O+ → Chit-NH3
+ + H2O                                               (I)  

2H2O + 2e− → H2 + 2OH− (II)  

O2 + 2H2O + 4e− →4OH− (III)  

Chit-NH3
+ + OH− → Chit-NH2 + H2O                                              (IV) 

As a result of reaction (I), conducted at low pH, the protonation of 
amine groups of chitosan occurred. These positively charged chitosan 
molecules moved toward the cathode surface. Following reactions (II) 
and (III), the well-known electrogeneration of base reactions (Nobial 
et al., 2007), the local pH at a cathode surface increased. When an 
interfacial pH value of about 6.5 was reached (corresponding to the pKa 
of chitosan (Khalid et al., 2002)), the chitosan macromolecules, ac-
cording to reaction (IV), formed an insoluble deposit on an electrode 
surface. The electrodeposition of chitosan was optimized in terms of 
solution concentrations (1–5 g/L), deposition time (1800–3600 s), and 
applied potential (5–10 V). More compact and uniform chitosan films 
were obtained at higher concentrations and higher applied potentials. 
For deposition carried out at longer deposition times, a thicker film was 
obtained, which caused a reduction in the sensitivity of the sensor (Besra 
and Liu, 2007). Thus, the optimized conditions for chitosan deposition 
were identified as 5 g/L, at an applied potential of 10 V, for 1800 s. 

Following fabrication, sensor was characterized using different 
physical-chemical tests. The EDS spectrum (Fig. S3c) shows the presence 
of C and O confirming the deposition of chitosan. The other elements 
were attributed to the CD-peeled layer (Fig. S2b) (Patella et al., 2022a). 
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EDS analyses were performed in different areas of the electrodes to 
confirm the uniformity of deposition. The typical morphology of chito-
san films formed by electrodeposition (Kowalski et al., 2015) can be 
observed in the SEM images presented in Fig. 1. In Fig. 1a, an extremely 
wrinkled sponge-like morphology, apparently made up of pores of 
various sizes, can be observed. This morphology is due to the entrap-
ment of the hydrogen gas formed by the reaction (II) (Altomare et al., 
2012). The chitosan film can be detected in the entire sensor area, 
Fig. 1b. The deposition of chitosan on the surface between CE and WE 
also occurred, which is highly critical to ensure the electrolytic contact 
between the three electrodes. To further understand the internal 
morphology of the chitosan, a layer was peeled off from a WE and a 
cross-section analysis was performed. Fig. 1c (Fig. S3 a and b), shows a 
SEM image of the cross-sectional view and demonstrates the 
multi-layered structure of the chitosan. From these images, the thickness 
of the chitosan layer was measured. Thickness measurement was made 
on different parts of the same sample and also on different samples. In all 
cases, the thickness ranged between 10 μm and 40 μm. The cross-section 
images clearly show that the pores on the surface are actually a thinner 
area of chitosan. The optical images before and after the swelling in PBS 
show that this process tends to cancel the surface roughness of the film 
with the formation of a uniform gel layer (Fig. S4). 

The wettability of a sensor surface (with and without the chitosan 
film) was studied by measuring the contact angle which is known to 
decrease with increased surface hydrophilicity. The contact angle was 
measured using PBS as the wetting liquid. As shown in Fig. 1d, the value 
of the contact angles changed from ~89 ± 3.7◦, for the CD-peeled layer, 
to ~52 ± 4.5◦, for the CD-peeled layer covered with chitosan and dried 
in the air. As expected, this value decreased further to ~5 ± 2.3◦, when 
the chitosan film was swelled in PBS (Khalid et al., 2002). The Ag layer 
present in the CD, due to its rough morphology, was practically hydro-
phobic and therefore had the highest contact angle. The very low value 
measured in the case of the swelled film indicated that the presence of 

chitosan allowed a fast and efficient wetting of the entire sensor surface 
(Wang et al., 2023). This result is very important because it guarantees 
the correct operation of the sensor within an aerosol phase. 

The CD-peeled Ag layer before and after the deposition of chitosan 
film was also studied by X-ray diffraction (Fig. S5). The diffraction peaks 
of silver and chitosan were identified through comparisons with the 
available database (card number 39-1894 for chitosan and 04-0783 for 
silver) (Lafuente et al., 2015). In the pattern of the CD-peeled layer 
before chitosan deposition, the diffraction peaks at ~38.3◦ and 44.5◦, 
corresponding to (111) and (200) plans of the face-centered cube 
structure of Ag, were identified. The other peaks came from the sub-
strate of the peeled layer of CD (Patella et al., 2022a). After chitosan 
deposition (black pattern), the broad and low-intensity peaks at ~9.6◦

and 19.8◦ appeared and were attributed to the diffraction plans (020) 
and (110) of semicrystalline chitosan (Jiang et al., 2010). The presence 
of the chitosan shielded the peaks coming from the CD-peeled layer. This 
was expected because, in a multilayer system, the intensity of the 
diffraction peaks coming from the internal layers is always lower than 
the intensity of the peaks relating to the layers closest to the surface. 

The sensor was also characterized by micro-Raman spectroscopy and 
FT-IR analysis which was performed in different areas of a sensor to 
verify the presence of different materials (Scheme S1). Raman spectra 
were collected in CE, WE, and RE areas (Fig. 2a). In the CE spectrum 
(CD-peeled layer/graphite paste/chitosan layer) all Raman modes were 
attributable to graphite (Ferrari, 2007). In particular, both the 
first-order (1328 cm− 1 (D1 band) and 1577 cm− 1 (G band)) and the 
second-order (2685 cm− 1 (2D band)) Raman bands were present. Also, 
the weak defect-induced bands at 2437 cm− 1 (G* band) and at 2942 
cm− 1 (D + G band) with a very low intensity were present (Kaniyoor and 
Ramaprabhu, 2012). The fluorescence emission was due to the polymer 
layer. From the working electrode (CD-peeled layer/chitosan layer), 
despite the strong background fluorescence emission (Han et al., 2020), 
numerous characteristic Raman modes of chitosan (Table S1) (Ren et al., 

Fig. 1. Chitosan layer before swelling: a) SEM image of WE area; b) SEM image of the area between CE and WE. c) Tilted cross-sectional view of chitosan layer peeled 
from a WE d) Mean values of contact angle measured on CD-peeled layer before and after chitosan deposition and before and after chitosan swelling. 
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2014) were identified. This analysis provided further evidence of the 
presence of the chitosan. The Raman bands of chitosan were not present 
in the CE area because they were shielded by the bands of graphite. In 
the spectrum of the reference electrode (CD-peeled layer/Ag–AgCl 
paste/chitosan layer), several Raman bands of chitosan (with a very low 
intensity due to fluorescence signal) were identified. AgCl was also 
identified by the modes at about 145 and 237 cm− 1. Also, in the FT-IR 
spectra, the characteristic peaks of chitosan film deposited on the sur-
face of the sensor were identified (Fig. 2b). The strong band between 
3361 and 3291 cm− 1 corresponds to N–H and O–H stretching, while the 
bands at 2921 and 2877 cm− 1 are assigned to the asymmetric and 
symmetric C–H stretching vibration. The bands at around 1645 cm− 1 

and 1325 cm− 1 were characteristic of C––O stretching of amide I and 
C–N stretching of amide III, respectively. The band at 1589 cm− 1 was 
attributed to the N–H bending of the primary amine. The bands at 1423 
and 1375 cm− 1 confirm the CH2 bending and CH3 symmetrical de-
formations, while the band at 1153 cm− 1 was associated with asym-
metric stretching of the C–O–C bridge. The signals at 1066 and 1028 
cm− 1 can be attributed to C–O stretching, the bands at 1260 cm− 1, 896 
cm− 1 and 654 cm− 1 correspond to the –OH bending vibration, and to the 
–CH out-of-plane vibration and the –NH twist vibration, respectively 
(Jiang et al., 2010). These peaks were obtained from the regions of each 
electrode on the sensor confirming the full coverage of the chitosan layer 
all over the sensor surface. 

3.2. Electrochemical characterization 

The electrochemical behavior of H2O2 using fabricated sensor was 
studied by CVs performed at different scan rates, in a solution of PBS 
containing 5 mM of H2O2. Fig. 3a shows that, with the increase of scan 
rate, the reduction peaks moved toward more cathodic potentials. The 
corresponding oxidation peaks were absent, confirming that the process 
is irreversible (Cai et al., 2018a). In Fig. 3b, it can be observed that the 
reduction peak current density was proportional to the square root of the 
scan rate (R2 = 0.9987). This result is indicative of a diffusion-controlled 
process, in agreement with the data obtained in (Cai et al., 2018a). 

Sensor performance was analyzed using LSV and all LSV curves are 

reported following baseline subtraction. LSV was performed in both 
liquid solutions and in the aerosol phase for comparison. In liquid so-
lution, LSV was carried out in the potential range from 0.1 to − 1 V vs 
Ag/AgCl using PBS as blank (Fig. S6). In the investigated range, the 
presence of two peaks was observed. The first at ~0 V is independent of 
increasing concentrations of H2O2 in the solution, while the second at 
about − 0.6 V, increases with the concentration of H2O2. The first peak is 
due to the reduction of dissolved oxygen to H2O2, following the reaction 
(V) (Jiang et al., 2019):  

O2 + 2H2O + 2e− →H2O2 + 2OH− (V) 

The peak present at about − 0.6 V is related to the reduction of H2O2 
to water, following the reaction (VI) (Tran et al., 2018):  

H2O2+2H++ 2e− → 2H2O                                                               (VI) 

The intensity of the peak at ~0.6 V (Fig. S6a) increases linearly with 
H2O2 concentration in the range from 100 μM to 500 μM. The shift in the 
potential peak of the H2O2 reduction agrees with Nernst’s equation (Cai 
et al., 2018b). From the calibration line (Fig. S6b), a sensitivity of 0.062 

± 0.0024 μA μM− 1 cm− 2 (R2 = 0.9996) was obtained. A limit of 
detection (LOD) of 60 μM was calculated using the following equation: 

LOD= 3.3
SD
S  

where SD is the standard deviation of the blank response (obtained by 
measuring 10 times the current density of the blank) and S is the 
sensitivity of the sensor. 

LSV tests were performed by exposing the electrode to nebulized 
solutions to simulate the humid atmosphere of EB. First, the sensor was 
immersed in PBS solution to swell the chitosan layers. Following this, 
the LSV curves were recorded after 10 s of nebulization to allow 
impregnation of a sensor homogeneously with the nebulized solutions. 
Importantly, using this approach, the pre-immersion of a sensor in PBS 
to swell the chitosan could be avoided. One-minute duration of nebu-
lization allowed the stabilization of the sensor without the initial PBS 
treatment. In Fig. 4 the LSV curves in nebulized solutions (Fig. 4a) and 

Fig. 2. a) Raman and b) FT-IR spectra collected in the different areas of the sensor after the chitosan electrodeposition.  

Fig. 3. a) CVs performed in the potential range from − 0.2 V to -1 V vs Ag/AgCl in PBS containing H2O2 5 mM. b) Effect of scan rate on peak current density.  
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the relative calibration line (Fig. 4b) are reported. From these experi-
ments, a sensitivity of 0.110 ± 0.0042 μA μM− 1 cm− 2 (R2 = 0.9973) and 
a LOD of 30 μM were calculated with a linear range from 100 μM to 500 
μM. This sensitivity is higher compared to current literature data con-
cerning the quantification of hydrogen peroxide in an aerosol phase 
(Fiore et al., 2021; Maier et al., 2019; Toniolo et al., 2001) (Table S2). 
The mean relative standard deviation (RSD) of each experiment was 
3.8% for liquid solutions and 4% for aerosol solutions. These low RSD 
values indicate that the applied fabrication protocol was reproducible. 
Of note, sensor displayed a higher sensitivity when used to detect 
hydrogen peroxide in nebulized solutions compared to liquid solutions. 
This result agrees with the data obtained by Fiore et al. (2021). The 
higher sensitivity for the aerosol phase compared to the liquid is 
attributable to the presence of the chitosan absorbent layer that leads to 
the phenomenon of pre-concentration of the analyte. In particular, when 
the absorbent layer is exposed to the aerosol phase, it tends to dry 
quickly due to the evaporation of the water. Following this phenome-
non, the analyte becomes concentrated, leading to higher sensitivity. To 
confirm this phenomenon, H2O2 was measured after different nebulizing 
times. To perform these tests, a solution containing the same concen-
tration of H2O2 was nebulized and LSV started after 10, 30, 60 and 120 s. 
Results show that after 60s of nebulization, the H2O2 detected from the 
sensor was about two times higher than the value measured after 10s 
(Fig. S7). The nebulization time cannot be increased infinitely, because, 
due to its thickness, the chitosan film tends to saturate quite quickly, as 
demonstrated by the trend of the curve in Fig. S7. Thus, the sensitivity of 
a sensor can be increased by adjusting the nebulization time and by 
further optimizing the thickness of the chitosan film. In the case of the 
sensor immersed in a liquid phase, this phenomenon obviously cannot 
occur due to short analysis times. 

The performance of a sensor in complex matrices was also investi-
gated. Sensor was used to quantify H2O2 present in a nebulized condi-
tioned medium of 16HBE cells. Before proceeding with the 
measurement, sensor performance was studied in the presence of 
different interfering species (glucose, HEPES, lactic acid, sodium chlo-
ride, sodium nitrate) that could be found in culture media or that could 
be generated by cells (Arodin Selenius et al., 2019; Baker et al., 2009). 1 

mM of interfering species was added to the nebulized solution con-
taining 0.1 mM of H2O2. The results are shown in Fig. 4c as LSV curves 
and in Fig. 4d as the ratio between the peak current for H2O2 reduction 
measured in the presence and in the absence of each interfering species. 
Although the concentration of interfering species was 10 times higher 
than the concentration of H2O2, a negligible effect was observed in terms 
of both peak current density and peak potential confirming that the 
sensor has a high selectivity towards H2O2 and can discriminate H2O2 
response from the different interferents. 

A dedicated calibration line was then constructed using the culture 
medium of 16HBE, MEM, as a blank. This was required to take into 
account the complexity of MEM and possible interference of MEM ma-
trix with sensor performance (Patella et al., 2022b). Therefore, MEM 
containing different amounts of H2O2 was nebulized and LSVs were 
performed (Fig. 5a). From the calibration line reported in Fig. 5b a 
sensitivity of 0.098 ± 0.0022 μA μM− 1 cm− 2 (R2 = 0.9958) was obtained 
with a mean RSD of about 2% and a LOD of 40 μM. These values are very 
close to those obtained in nebulized PBS, strongly suggesting that sensor 
performance remains unchanged in MEM culture medium and that 
sensor can work in a very complex matrix. 

Table 1 reassumes the features of the sensor tested in the different 
conditions. In each working condition, the sensor repeatability was 
evaluated by calibrating the same sensor three times. 

The flexibility of the sensor was also investigated, by testing its 
performances after several and different physical deformation cycles. 
The Sensors was deformed by bending and twisting (Fig. S8) five times 
and then used for the detection of H2O2 in the aerosol phase. The bent 
and twisted electrodes demonstrated the same behavior as pristine 
sensor, and thus indicating that these deformations did not alter their 
functionality (Fig. S9). These tests strongly support the compatibility of 
this sensor for use in a face mask without loss of performance. 

Measurement of H2O2 in the aerosol phase of nebulized culture 
media obtained from 16HBE, exposed or not to CSE and/or pre-treated 
with NAC and FORM, was then undertaken. The two drugs are 
commonly used for the treatment of patients affected by chronic respi-
ratory diseases (Dekhuijzen, 2004; Ferraro et al., 2017). NAC is a 
mucolytic drug while FORM is a long-acting beta 2 agonist. Here, these 

Fig. 4. a) LSV tests in nebulized solutions at different concentrations of H2O2. b) Corresponding calibration line with SD error bars (N = 3). c) LSV tests in PBS 
solution containing 0.1 mM of H2O2 and 1 mM of interfering species. d) Effect of interfering species on the H2O2 detection. (GLU: glucose; LA: Lactic Acid). 
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two drugs were selected for their known antioxidant properties 
(Dekhuijzen, 2004; Ferraro et al., 2017). Fig. 6a presents typical LSVs 
obtained from different samples while Fig. 6b shows the mean concen-
trations of H2O2 calculated using the calibration line of Fig. 5b. CSE 
treatments led to an increase in H2O2 production while the treatment 
with the antioxidant NAC, and with the drug FORM caused its reduction. 

To confirm that the results obtained using a sensor reflected an in-
crease in intracellular oxidative stress, intracellular mitochondrial su-
peroxide was evaluated using a ROS-sensitive fluorescent probe and 
flow cytometry, which is considered the gold standard for intracellular 
ROS quantification. After stimulation, cells were stained with Mitosox 

Red and analyzed by flow cytometry. The obtained results (Fig. 6c and 
Fig. S10) confirmed that CSE induced a significant increase of intracel-
lular mitochondrial superoxide compared to non-treated cells (NT) and 
the pre-treatment with NAC and FORM reduced this effect. Thus, flow 
cytometry results paralleled those obtained with the sensor. 

Finally, to evaluate the ability of the sensor to work in real operating 
conditions, samples of EBC were collected from a healthy subject and 
different known concentrations of H2O2 were then spiked into this and 
the LSV curves were recorded (Fig. 6d). The rationale of this experiment 
was to assess whether molecules present in EBC could interfere with the 
ability of the sensor to detect H2O2 altering its sensitivity. As it can be 
observed in Fig. 6d, the sensor can detect H2O2 in real breath matrices 
interferent-free. 

Overall, these results suggest that the proposed sensor can be applied 
to the monitoring of cellular oxidative stress. Therefore, future appli-
cations may be foreseen for real-time monitoring of oxidative stress 
directly on patients by measuring the release of H2O2 in EB. This 
research sets the ground for the future development of novel systems for 
monitoring respiratory diseases based on the employment of a nano-
structured sensor capable of quantifying H2O2 in EB. Thanks to its 

Fig. 5. a) LSV tests in the aerosol phase of MEM with different concentrations of H2O2. b) Corresponding calibration line with SD error bars (N = 3).  

Table 1 
Main features of the sensor.  

Electrolyte Sensitivity μA μM− 1 cm− 2 Mean RSD LOD μM 

Liquid PBS 0.062 ± 0.0024 3.8% 60 
Aerosol PBS 0.110 ± 0.0042 4% 30 
Aerosol MEM 0.098 ± 0.0022 2% 40  

Fig. 6. a) LSV tests in the aerosol phase of nebulized culture media obtained from 16HBE. b) Mean concentration of H2O2 present in the samples (NT: non-treated 
cells; CSE: cells treated with cigarette smoke extract; CSE + NAC: cells treated with cigarette smoke extract and N-acetylcysteine; CSE + FORM: cells treated with 
cigarette smoke extract and Formoterol). N = 3 independent experiments. c) Mitochondrial superoxide production reported as Mean Fluorescence Intensity (MFI) ±
SD (N = 3), *p < 0.05 Paired t-test, d) LSV tests in real EBC (Cx) before and after the addition of different amounts of hydrogen peroxide. 
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physical-chemical features, the proposed system, when integrated into a 
face mask for breath monitoring, will eliminate the condensation step 
required in the current clinical practice. The potential future applica-
tions of such an approach span a wide landscape of scenarios including 
homecare, remote point-of-care healthcare, and workplace diagnostics 
without the need for expensive laboratory equipment and skilled prac-
titioners. The industrial relevance of this topic is confirmed by the 
market growth of low-cost wearable sensing devices generally reported 
by the most relevant market outlooks and forecasts currently available. 

4. Conclusions 

In this work, a low-cost and easy-to-use electrochemical sensor for 
the detection of hydrogen peroxide in exhaled breath was proposed. The 
proposed sensor was highly sustainable since the electrodes can be ob-
tained from upcycling optical storage CD devices while an electro-
deposited chitosan layer allows for the detection of hydrogen peroxide 
in the aerosol phase. A thorough optimization of electrodeposition 
process parameters (composition of the solution, deposition time, 
applied potential) was performed to obtain a uniform and homogenous 
film which is of paramount importance for the sensor to operate directly 
on the aerosol phase. Sensor performance was evaluated using LSV as 
the detection technique, with tests carried out using both liquid and 
aerosol phases. In both cases, the sensor returned a linear response in the 
range 100–500 μM with a sensitivity of 0.062 ± 0.0024 μA μM− 1 cm− 2 

(RSD 3.8%) and a LOD of 60 μM in liquid PBS and a sensitivity of 0.110 
± 0.0042 μA μM− 1 cm− 2 (RSD 4%) and a LOD 30 μM in nebulized PBS. 
The sensors was also calibrated in MEM exhibiting a sensitivity of 0.098 
± 0.0022 μA μM− 1 cm− 2 (RSD 2%) and a LOD of 40 μM. The experi-
mental results confirm that this sensor can operate in both liquid and 
aerosol phases without reduction in performance. The sensor had a very 
high selectivity as no interferences were observed. The sensor can 
quantify H2O2 in the aerosol phase released from human bronchial 
epithelial cells exposed to different pro-oxidant and antioxidant treat-
ments. Of note, values obtained with this sensor was in line with those 
obtained using the conventional cytofluorimetric technique. Further-
more, the ability of the sensor to work with real EBC samples and after 
physical deformations has been successfully demonstrated. 

Future research will focus on the optimization of the sensor fabri-
cation process to overcome its limitations (i.e. to obtain stable external 
contacts and to increase the sensor sensitivity) and its industrial scale-up 
towards the miniaturization of the device. This would allow for the 
development of commercial solutions such as the integration into stan-
dard face masks for real-time monitoring of oxidative stress. 
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