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A B S T R A C T   

Hydrogen peroxide (H2O2) is a biomarker relevant for oxidative stress monitoring. Most chronic airway diseases 
are characterized by increased oxidative stress. To date, the main methods for the detection of this analyte are 
expensive and time-consuming laboratory techniques such as fluorometric and colorimetric assays. There is a 
growing interest in the development of electrochemical sensors for H2O2 detection due to their low cost, ease of 
use, sensitivity and rapid response. In this work, an electrochemical sensor based on gold nanowire arrays has 
been developed. Thanks to the catalytic activity of gold against hydrogen peroxide reduction and the high 
surface area of nanowires, this sensor allows the quantification of this analyte in a fast, efficient and selective 
way. The sensor was obtained by template electrodeposition and consists of gold nanowires about 5 μm high and 
with an average diameter of about 200 nm. The high active surface area of this electrode, about 7 times larger 
than a planar gold electrode, ensured a high sensitivity of the sensor (0.98 μA μM− 1cm− 2). The sensor allows the 
quantification of hydrogen peroxide in the range from 10 μM to 10 mM with a limit of detection of 3.2 μM. The 
sensor has excellent properties in terms of reproducibility, repeatability and selectivity. The sensor was validated 
by quantifying the hydrogen peroxide released by human airways A549 cells exposed or not to the pro-oxidant 
compound rotenone. The obtained results were validated by comparing them with those obtained by flow 
cytometry after staining the cells with the fluorescent superoxide-sensitive Mitosox Red probe giving a very good 
concordance.   

1. Introduction 

In the last years, electrochemical sensors have attracted growing 
attention due to their simplicity, low cost, excellent performances (in 
terms of sensitivity, selectivity, limit of detection (LOD) and rapidity of 
response), the possibility of real-time and in situ analysis using small and 
portable systems [1,2], and the low volume of analysis which makes 
them particularly useful for applications where the sample availability is 
a limiting factor [3]. Due to the very high performance, particularly 
attractive are the electrochemical sensors based on nanostructured 

materials which have been proposed for the detection of different ana-
lytes such as heavy metals, dopamine, hydrogen peroxide, uric acid, 
ascorbic acid, and so on [4–6]. Different types of active materials have 
been proposed for sensor fabrication [7,8]. Among them, gold is one of 
the most used due to its biocompatibility, high electrical conductivity, 
chemical and electrochemical stability [9]. Furthermore, the gold sur-
face can be easily modified making it very attractive also for immuno-
sensor applications [10,11]. For electrochemical sensors, gold 
nanoparticles, ranging from 1 to 100 nm, are widely used and different 
fabrication methods can be found in the literature for their synthesis 
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[12–14]. Instead, even if much investigated, the synthesis of vertically 
standing gold nanowires and nanotubes (AuNWs, AuNTs) has not been 
yet optimized [15,16]. This is related to the tendency of gold to deposit 
in the dendritic form which makes the nanostructures very brittle and 
unstable [17–19]. Template-assisted electrochemical methods are very 
efficient in fabricating vertically standing AuNWs and AuNTs [20,21]. 
Different authors synthesize AuNWs inside the pores of the template 
(anodic alumina or polycarbonate membrane (PC)) and then dissolve 
the membrane obtaining a suspension containing AuNWs/NTs to 
drop-cast on different substrates [15,22]. However, very few works have 
shown the deposition of vertically standing AuNWs and AuNTs [23,24]. 
Mollamahale et al. have used a PC template and a gold cyanide solution 
to deposit self-standing AuNWs attached to a copper current collector 
[25]. They have obtained well-defined AuNWs but after the complete 
dissolution of the template, many nanowires broke down resulting in a 
decrease in electrode performance. To overcome this problem, they 
suggested to control the etching process, avoiding the total template 
dissolution. In another study, the same authors [26] have obtained 
stable nanostructures controlling the rate of the deposition process. 
Sharma et al. deposited AuNWs into the PC membrane using a mercury 
drop as a current collector obtaining highly stable NWs [27]. 

In this work, we have fabricated mechanically stable AuNW arrays to 
be used as electrochemical sensors for H2O2 quantification in cell culture 
media. Hydrogen peroxide and other reactive oxygen species (ROS) 
(including superoxide anions (O−

2
⋅), hydroxyl radicals (OH⋅)) are 

generated by the transformation of oxygen through enzymatic and non- 
enzymatic reactions [28,29]. Many environmental insults (cigarette 
smoke, infections, pollutants) cause oxidative stress not only by 
inducing ROS production but also by suppressing the antioxidant 
response [30]. The imbalance between oxidant and antioxidant systems 
is a crucial event that compromises airway homeostasis and leads to the 
activation of innate and adaptive immunity. Therefore, oxidative stress 
and airway inflammation generate a vicious cycle responsible for dis-
ease progression of most chronic airway diseases, such as asthma and 
Chronic Obstructive Pulmonary Disease (COPD) [31]. In this respect, the 
assessment of airways oxidative homeostasis may provide an efficient 
tool for monitoring disease onset, progression and response to therapy. 
Therefore, the development of novel diagnostic tools for detecting in an 
easy way oxidative stress within the airways is of great interest. 
Hydrogen peroxide is an interesting biomarker for oxidative stress 
monitoring because it is among the less unstable ROS and diffuses 
through the cellular membrane, allowing its measurement in the 
extracellular space. Different types of electrochemical sensors were 
developed to quantify H2O2 [32,33]. Herein the attention has been 
focused on the development of vertically standing AuNWs arrays to 
obtain a sensor with high sensitivity attributable to the electrocatalytic 
properties of nanostructured gold towards the reduction of H2O2 
[34–36] and to the high surface area typical of nanostructured elec-
trodes [37]. 

A systematic investigation was conducted on the electrodeposition of 
AuNWs into PC membrane. In particular, the effect of deposition time, 
deposition potential, gold precursor concentration and solution pH was 
evaluated. The optimized nanostructured electrode was used to quantify 
H2O2 in aqueous solutions, using the chronoamperometry technique, to 
obtain the main features of the sensor such as sensitivity, LOD, linear 
range and selectivity. To demonstrate the applicability of the sensor in 
real operating conditions, H2O2 released by the human airway cell line 
A549 treated or not with the pro-oxidant rotenone, was quantified. The 
results obtained with the AuNWs-based sensor were compared with 
those obtained by flow cytometry which represent the current standard 
for intracellular ROS quantification. 

2. Experimental 

2.1. AuNWs synthesis and characterization 

Commercial polycarbonate membranes (Poretics®) with a nominal 
mean pore diameter of about 200 nm and a thickness of 6 μm, were used 
as templates for the electrodeposition of AuNWs. One membrane surface 
was sputtered (for 3 min) with a thin layer of gold to make it conductive. 
On this surface, a copper current collector was deposited by galvano-
static deposition at − 8 mA/cm2 for 1 h in a solution of 0.2 M 
CuSO4⋅5H2O + 0.1 M H3BO3. The deposition was performed using a Pt 
mesh, as the counter electrode, and a PAR potentiostat/galvanostat 
(PARSTAT, mod. 2273). On the other template surface, the electrode-
position of gold nanostructures was performed using a Pt mesh as a 
counter electrode and an Ag/AgCl reference electrode. The electrode-
position of gold nanostructures was performed by potentiostatic mode in 
a deposition area of about 10 cm2. The effect of the gold precursor 
concentration (from 0.1 to 10 mM), the deposition solution (using HCl 
0.1 M (pH 1) or acetate buffer solution (ABS, pH 5.4)), the deposition 
time (from 30 to 90 min) and the applied potential (from − 150 to − 450 
V vs Ag/AgCl) was evaluated. After Au deposition, the template was 
etched in pure tetrachloromethane. In Fig. S1 the scheme of template 
electrosynthesis was reported. The electrodeposition of both the current 
collector and AuNWs was performed at room temperature. 

Morphology was analyzed through scanning electron microscopy 
(SEM), using a FEI FEG-ESEM (mod. QUANTA 200) equipped with a 
detector for Energy Dispersive Spectroscopy (EDS). X-ray diffraction 
(XRD) was carried out using a RIGAKU diffractometer (model: D-MAX 
25600 HK). All the diffraction patterns were obtained in the 2θ range 
from 10◦ to 90◦ with a step of 0.004◦ and a measuring time of 0.067 s for 
each step, using the copper Kα radiation (λ = 1.54 Å). Diffraction pat-
terns were analyzed by comparison with the ICDD database [38]. 

2.2. Sensor fabrication and characterization 

After template dissolution, AuNWs were cut with a circular shape 
(diameter 1.2 cm) using a CO2 laser cutter, assembled with copper tape 
into glass support and insulated with a lacquer (the exposed working 
area is 0.785 cm2). All the potentials are referred to the saturated 
calomel electrode (SCE). To estimate the electrochemical active surface 
area of the electrode, cyclic voltammetry (CV) was carried out in 
phosphate buffer solution (PBS) in the potential range from 0 to 0.5 V vs 
SCE at different scan rates (from 1 to 1000 mV s− 1) where no faradaic 
reactions occur. For comparison, the same experiment was carried out 
using a planar gold sheet. CVs at different scan rates in PBS pH 7.4 with 
1 mM H2O2 were also carried out in the potential range from − 0.8 to 
+0.8 V vs. SCE. 

Hydrogen peroxide was quantified using chronoamperometry (CH) 
as the electrochemical technique. The repeatability of the electrode was 
verified by calibrating the same electrode several times. The reproduc-
ibility was proved by calibrating different sensors prepared in the same 
way. The LOD was calculated by measuring the standard deviation of the 
blank using the following equation:  

LOD = 3.3 * SD / S                                                                              

where SD is the standard deviation of the blank and S is the slope of the 
calibration line. The electrode selectivity to different chemicals (lactic 
acid, uric acid, ascorbic acid, 4-(2-hydroxyethyl)-1-piperazine-ethane- 
sulfonic acid (HEPES), sodium chloride, sodium nitrate and glucose, all 
from Alfa Aesar) was studied. These chemicals were analyzed at a con-
centration 10 times higher than the H2O2 to simulate the worst condi-
tions. The interference to Rotenone (R8875, Sigma-Aldrich) was also 
verified. 

The AuNWs-based sensor was used to quantify H2O2 released by 
A549 cells. For these tests, the electrode was immersed in the PBS and 
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the CH was carried out until the stabilization of the current density. 
Then, the conditioned medium (0.5 mL) collected during cellular growth 
was spiked into the blank solution (PBS) to quantify the H2O2 released 
from the cells during their growth. 

To validate the measurements made by the sensor, solutions con-
taining different concentrations of H2O2 in RPMI medium were analyzed 
in parallel with both the sensor and the biochemical assay based on the 
Amplex Red reagent (Amplex™ Red Hydrogen Peroxide/Peroxidase 
Assay Kit-Invitrogen). The assay was performed following the manu-
facturer’s instructions. 

All electrochemical tests were done in the air and were performed in 
a stirred solution (at 600 rpm) which guaranteed the continuous recir-
culation of the electrolyte. The stirred solution was used because it 
allowed to obtain greater sensitivity of the sensor. In particular, we 
found that the electrode sensitivity increased by a factor of 2.13 in 
comparison to the unstirred solution due to the better transport of H2O2 
to the sensor surface. 

2.3. Cell culture, cell stimulation and measure of mitochondrial ROS 

The lung adenocarcinoma cell line, A549 (American Type Culture 
Collection (ATCC)), was used in this study. A549 cells were maintained 
in a humidified atmosphere of 5% CO2 in air at 37 ◦C and were cultured 
as adherent monolayers. RPMI medium supplemented with 10% heat- 
inactivated (56 ◦C, 30 min) fetal bovine serum (FBS), pen-
icillin–streptomycin, 1% MEM (non-essential amino-acids) and 2 mM L- 
glutamine (all from Euroclone) was used for culturing cells. 

A549 cells were cultured to confluence, then the serum was reduced 
from 10% to 1% and the cells were stimulated or not with 2.5 μM of 
Rotenone for 2 h. At the end of stimulation, the conditioned medium was 
collected for H2O2 quantification using the sensor and the cells were 
collected to measure intracellular mitochondrial superoxide by flow 
cytometry. In brief, cells were harvested by trypsinization and incubated 
with a solution containing 3 μM of Mito-SOX™ Red probe which detects 
mitochondrial superoxide (15 min, at 37 ◦C). Then cells were washed, 
and the fluorescence was measured using the flow cytometer CytoFLEX 
(Beckman Coulter). The results were expressed as the mean of fluores-
cence intensity (MFI). 

A549 cells were also used to assess the impact of the sensor when 
operating directly in the cell culture growth medium on cell viability. To 
this purpose, the sensor was submerged directly in the culture medium 
of a 6-well plate with A549 cells, paying attention not to disturb the cell 
monolayer. Cell viability was evaluated by measuring the release of 

Lactate dehydrogenase (LDH) assay (CytoTox 96® Non-Radioactive 
Cytotoxicity Assay – Promega) in cell culture medium (N = 3) at the 
time of the introduction of the electrode (T 0 h) and after 24 h (T 24 h). 
The assay was performed following the manufacturer’s instructions. 

3. Results and discussion 

3.1. AuNWs synthesis and characterization 

To optimize the fabrication of AuNWs, different parameters of the 
electrodeposition process were studied. The first investigated parameter 
was the effect of the concentration of the gold precursor used to prepare 
the deposition solution. Tests were carried out applying a constant po-
tential of − 150 mV vs Ag/AgCl, dissolving different amounts of HAuCl4 
into ABS for 30 min. In Fig. 1 (Fig. S2) the SEM images of the samples 
obtained at different concentrations of gold precursor were reported. 

A very low concentration of gold precursor (0.1 mM) led to very 
short nanostructures (Fig. S1A) and thus a very low surface area [39]. 
The highest tested gold concentration (10 mM) led to a too-fast depo-
sition that reached the top of the membrane with consequent deposition 
of gold on its top, Fig. 1A. In this case, the deposit has the typical 
fern-leaf morphology [40]. This morphology is formed because the 
kinetically slow stage is that of dendritic growth, while nucleation is the 
fast stage [41]. At intermediate concentrations, different results were 
obtained. At 0.5 mM AuNTs were formed, (Fig. S2B). However, the wall 
thickness of the nanotubes was too small, and this is probably the cause 
of their collapse after the dissolution of the template. The deposition 
carried out with 1 mM of HAuCl4, Fig. 1B, led to well-defined AuNTs 
with a uniform length. Thus, the best concentration of Au precursor was 
1 mM because ensured the formation of a regular array of Au 
nanostructures. 

However, the electrode reproducibility was not satisfying due to the 
intrinsic fragility of nanotubes which break very easily with consequent 
modification of the surface area of the electrode and its performance. 
For this reason, to obtain stronger nanostructures, the effect of applied 
potential in the range from − 150 mV to − 450 mV vs. Ag/AgCl was 
investigated (Fig. 2A and Fig. S3). The applied potential had little in-
fluence on the nanostructure morphology. All the investigated potentials 
resulted in the formation of the nanotube (NT) shape. In particular, from 
− 150 mV to − 300 mV vs Ag/AgCl, NTs very similar to those of Fig. 1B 
were obtained. Some differences were observed at − 300 mV, which 
resulted in an array with slightly longer and thicker-walled NTs 
compared to the nanostructures obtained at − 150 mV, and some 

Fig. 1. Morphology of Au nanostructures obtained at − 150 mV vs Ag/AgCl for 30 min with different concentrations of HAuCl4: A) 10 mM and B) 1 mM.  
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irregular nanotube walls at the end. At more cathodic potentials, NTs 
with a very thin wall were obtained. Those NTs were too fragile, and 
they were destroyed during the etching of the PC template and the 
subsequent washings in the organic solvent. The formation of very thin 
NTs is due to the concomitant evolution reaction of hydrogen whose 
driving force increases as the applied potential increases [42]. The 
hydrogen bubbles tend to accumulate inside the pores of the membrane, 
limiting the deposition of gold in the gap between the pore wall and the 
gas bubbles [43]. From these results, a potential of − 300 mV was 
selected for further experiments because it allows the NTs deposition 
with thicker walls. 

To further improve the electrode morphology, the deposition solu-
tion was changed using a solution of 1 mM of HAuCl4 + 0.1 M HCl +1 M 
NaCl (pH 1, Fig. 2B). This acidic solution was selected because it allowed 
to obtain gold nanowires (NWs) as reported in Ref. [39]. The 
morphology of the obtained electrode is shown in Fig. 2B. The nano-
structures preferentially had a NW shape although with a different 
height. There were also some NTs with very thick walls. 

Finally, the effect of deposition time was studied. The morphology of 
the nanostructures obtained using different times of deposition 

remained substantially unchanged (Fig. 3). A slightly different shape 
(Fig. S4) was observed at the top of the NWs with increasing deposition 
time. As it is better evident from Fig. 3B, the nanostructures have, in the 
upper part, an internal profile with a conical shape. This is attributable 
to a different growth rate along the axis of the channels compared to the 
growth in the radial direction, again attributable to the obstacle deriving 
from the hydrogen bubbles. Increasing the deposition time from 30 to 
90 min, the average NW length increased from about 1.5 μm to 5 μm. 
Considering that longer NWs lead to a sensor with a higher surface area, 
90 min was selected as the best deposition time. 

Considering the above results, the final conditions to obtain verti-
cally standing AuNWs arrays by template deposition are the following:  

- Deposition solution: 1 mM HAuCl4, 0.1 M HCl and 1 M NaCl;  
- Deposition potential: − 300 mV vs Ag/AgCl;  
- Deposition time: 90 min. 

Fig. 4 shows SEM images of the optimized electrode at different 
magnifications. The images were obtained with a tilt angle of 30◦. 
Fig. 4A and B shows the top view of the nanostructured electrode while 

Fig. 2. Morphology of Au nanostructures obtained at − 300 mV vs Ag/AgCl for 30 min in different deposition baths: A) 1 mM HAuCl4 and B) 1 mM HAuCl4 + 0.1 M 
HCl +0.1 M KCl (pH 1). 

Fig. 3. Morphology of Au nanostructures obtained at − 300 mV vs Ag/AgCl at different deposition times: A) 60 min and B) 90 min.  
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Fig. 4. SEM images of the optimized Au nanowires: A-B) top view, C-D) cross-section view.  

Fig. 5. A) EDS spectrum and B) XRD pattern of the optimized electrode. (The entire XRD pattern of the sample was reported in Fig. S5).  

B. Patella et al.                                                                                                                                                                                                                                  



Talanta 272 (2024) 125772

6

in Fig. 4C and D the cross-sectional view is reported. In Fig. 4A and C, it 
can be observed that the Cu current collector is uniformly covered by 
AuNWs. The Cu collector, about 20 μm thick, is continuous, uniform, 
compact and free of cracks or fractures. Fig. 4B highlights the 
morphology of the NWs which have an almost regular cylindrical shape 
except for the final part near the top which has an internal conical shape, 
as above discussed. Compared to Fig. 3B, the internal conical shape is 
better visible here due to the longer deposition time. In fact, as the 
deposition time increases, the accumulation of hydrogen inside the 
channels of the template increases and consequently the axial growth is 
more favored than the radial one. In addition, in Fig. 4B, some in-
terconnections between different wires, due to the shape of PC template 
channels, are also clearly visible. Nanowires have an almost uniform 
diameter of about 200 nm like the nominal diameter of the template. 
The high-magnification image of Fig. 4D shows that nanowires are 
firmly connected to the current collector and have a low surface 
roughness. In Fig. 4C and D, the presence of some broken nanowires is 
due to the preparation of the cross-section of the sample for SEM anal-
ysis, which was prepared by simply tearing off a flap of the sample. 

The optimized AuNWs-based electrode was analyzed using EDS and 
XRD. By EDS, different areas were analyzed to verify electrode homo-
geneity. In the EDS spectrum, Fig. 5A, the presence of Cu was due to the 
copper current collector, while the Au peak was due to AuNWs. No other 
peaks were highlighted, except traces of C and O (for KeV<0.5) due to 
polycarbonate residues left on the electrode after the template dissolu-
tion. The XRD pattern shows the presence of poly-crystalline copper and 
gold (Fig. 5B and Fig. S5) [38]. In particular, Cu peak positions coincide 
with those of metallic copper with cubic structure (XRD card 04–0836). 

The peak at about 36.7◦ is relative to the main diffraction peak of Cu2O 
(XRD card 05–0667) due to the formation of native oxide of the copper 
in air [44]. The cubic structure of Au has been identified through the 
peaks located at 38.48◦ related to the (111) plane (XRD card 04–784). 
The second peak at 44.38◦, relative to the (200) plane is masked by the 
main copper peak which is very intense. Through the line broadening at 
half the main intensity Au peak and using Scherrer’s equation, it was 
possible to calculate the main size of AuNW grains, obtaining a value of 
about 15.84 ± 0.5 nm. 

The electrochemical surface area of the optimized electrode was 
evaluated by recording CVs at different scan rates (from 10 to 1000 mV 
s− 1) in the potential range from 0 to 0.5 V vs SCE, where no faradaic 
reactions occur [45]. PBS solution was used as the electrolyte. For 
comparison, also planar gold was tested. Results are shown in Fig. 6. 
Fig. 6A and B shows the CV curves at different scan rates for AuNWs and 
planar gold, respectively. From these CVs, the double-layer capacitance 
(Cdl) was calculated by measuring anodic and cathodic current density 
differences at 0.25 V vs. SCE and results are shown in Fig. 6C. 

For both electrodes, a linear dependence with the scan rate was 
found. The slope of these lines is related to the Cdl. The Cdl of planar gold 
was about 7 times lower compared to AuNWs-based electrodes. This is a 
good result imputable to the very large surface area of the AuNWs by 
which the performance of the sensor depends on [46]. The obtained 
surface increase factor value is plausible because it is in good agreement 
with the value calculated from the analysis of SEM images using the 
following equation proposed in [47]. 

Fig. 6. CVs at different scan rates in PBS solution using A) AuNWs and B) planar gold. C) Specific capacitance of electrodes evaluated by double-layer capacitance at 
0.25 V. 
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Surface Area=A +
πdNWs hNWs A

senα(xNWs + dNWs )
2  

where A is the geometric area of the electrode, dNWs and hNWs are, 
respectively, the mean diameter and height of the nanowires, xNWs is the 
average spacing of the nanowires, α is the tilt angle (30◦) of the specimen 
during the SEM analysis. Using this equation, a total surface area of NWs 
of 5.18 cm2, 6.6 times higher than the geometrical one, was calculated. 

To study the electrochemical oxidation/reduction of H2O2 using 
herein-developed AuNW-based electrodes, CVs at different scan rates, 
from 25 to 500 mV s− 1, in the potential range from − 0.8 to 0.8 V vs SCE 
were also carried out into a solution of PBS containing 1 mM H2O2, 
Fig. 7. By increasing the scan rate, the peak current density increased. At 
the same time, the oxidation potential peak shifted towards more anodic 
value (from about 47 to about 410 mV vs SCE), while the reduction peak 
moved to more cathodic potentials (from about − 395 to about − 711 mV 
vs SCE), [48]. The oxidation and reduction peak current densities were 
plotted against the square root of the scan rate. A linear relation was 
found, suggesting that the oxidation and reduction of H2O2 is a diffu-
sional controlled process according to the results obtained by Zhang 
et al. [49] in the case of Au nanocages. The logarithm of the reduction 
peak potential was plotted against the logarithm of current density and a 
linear trend was found. The slope of the linear regression corresponds to 
the heterogeneous charge transfer coefficient (α) [45]. A value of 0.532 
was measured which is very close to 0.5. This result is a further 
confirmation that the electrochemical reduction of H2O2 over 
AuNW-based electrodes is a diffusion-controlled process. 

3.2. Hydrogen peroxide quantification 

The quantification of H2O2 was carried out in a solution stirred at 
600 RPM to achieve better analyte transport on the entire active surface 
area of the sensor. The detection of H2O2 was performed by chro-
noamperometry by applying − 0.35 V vs. SCE in PBS. Fig. 8A shows the 
chronoamperogram at increasing H2O2 concentration. After the start of 
the test, the sensor output stabilized after about 200 s. Starting from this 
time, H2O2 was inserted at regular time intervals of 60 s. After the 
addition of H2O2 into the solution, the current density increased sud-
denly with a rapid stabilization lasting less than 5 s. This is a very rapid 
response, faster than previously reported ones [50,51]. The calibration 
of the AuNW-based sensor was carried out three times with the same 
electrode to calculate the sensor repeatability, Fig. 8B. All experiments 
were fitted with an R2 > 0.998. A very wide linear range was found, from 
10 μM to 10 mM. The mean sensitivity of the AuNW-based sensor was 
0.98 ± 0.1 mA cm− 2 mM− 1. For each calibration experiment a very low 
standard deviation of about 3% was calculated. A LOD of 3.21 ± 0.2 μM 
was found. The obtained sensitivity and LOD values were significantly 
improved compared to those obtained using a sensor based on reduced 
graphene oxide and gold nanoparticles [52], as well as compared to 
many other Au-based sensors (see the comparison table, Table S1, re-
ported in the supplementary material). 

The electrode repeatability was studied by testing the same electrode 
10 times. Between tests, the sensor was simply cleaned using distilled 
water. From these tests, it was observed that the sensitivity of the sensor 
did not change (deviation <3%) therefore demonstrating the excellent 

Fig. 7. A) CVs at different scan rates using AuNWs in PBS and 1 mM hydrogen peroxide. B) Peak current densities vs square root of scan rate. C) log E vs log J for 
reduction of hydrogen peroxide. 
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repeatability of the electrode. To study the sensor reproducibility, three 
different electrodes were fabricated and used to build the calibration 
line. Results showed a sensor reproducibility of about 7% confirming 
that the electrode fabrication method was very reproducible. The elec-
trode selectivity was tested towards ascorbic acid, uric acid, lactic acid, 
HEPES, sodium nitrate and glucose, Fig. 9a. The sensor selectivity was 
verified for two different concentrations of H2O2 (0.1 mM, and 1 mM), 
and the tests were carried out in PBS. The possible interferents were 
tested at very high concentrations, 10 times (1 mM and 10 mM) higher 
than that of H2O2, higher than those normally present in the real samples 
to simulate the worst conditions. Rotenone, used to induce oxidative 
stress during cellular growth, was also tested as a possible interferent, 
Fig. 9b. After the initial output sensor stabilization, 0.1 mM H2O2 was 
spiked into the solution and the signal was left to stabilize for 100 s. 
Then, 1 mM of each chemical was added to the solution every 60 s. The 
same procedure was followed for the higher concentration. As it can be 
observed in Fig. 9a, the current density did not change after the addition 
of the chemicals, while it continued to vary after the addition of H2O2 
according to the calibration line. This is a very important result because 
it demonstrates that the electrode possesses high selectivity for H2O2 
detection. It is essential to highlight that, to add 10 mM of the interfering 
agent, 1 mL of the respective solution was spiked into the electro-
chemical cell (initial volume 35 mL). The spiking of this high volume 
leads to a dilution of H2O2 concentration (≈3% for each spike). This 
explains the slight decrease of current in Fig. 9a. Also in the case of 
Rotenone, Fig. 9b, no interference was observed. 

Table 1 resumes all the features of the proposed sensor for the 
detection of H2O2. The values expressed in % indicate the variation of 
the current density. 

The proposed sensor was used to quantify H2O2 released by human 
airway cellular models. Prior to perform these tests, to confirm the 
correct operation of the sensor, an identical set of solutions, containing 
different amounts of H2O2 in RPMI (the medium used for the cellular 
growth), was analyzed both with the sensor and with a selective 
biochemical assay for H2O2, Amplex® Red. From Fig. S6 it can be 
observed that a good agreement in the results of the two methods was 
obtained. Consequently, it can be concluded that the sensor was able to 
quantify H2O2 with results comparable to those obtained using a clas-
sical and established biochemical assay. We also evaluate the influence 
of the operation of the sensor on the cell viability, performing the 
electrochemical test directly on the culture plates. Results showed that 
the operating sensors had no impact on cell viability (Fig. S7). 

The sensor was thus used to quantify H2O2 in the medium used for 
cellular growth. In detail, we used the human lung adenocarcinoma 

Fig. 8. A) Chronoamperogram at increasing concentrations of hydrogen peroxide. B) Calibration line.  

Fig. 9. Selectivity test toward different interfering species (A) and toward Rotenone (B).  

Table 1 
Features of Au NWs for electrochemical quantification of hydrogen peroxide.  

Sensitivity mA mM− 1 

cm− 2 
LOD 
μM 

Repeatability 
% 

Reproducibility 
% 

Selectivity 
% 

0.98 ± 0.1 3.21 <3 7 <1  
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A549 cells treated or not with 2.5 μM of Rotenone, a chemical causing 
mitochondrial damage and consequent high oxidative stress. The me-
dium from treated and not-treated cells was spiked in the cell containing 
PBS as blank. The dilution factor was 1/70, so the calibration line ob-
tained in PBS was used to quantify the H2O2. As it can be observed in 
Fig. 10A, after the addition of the conditioned medium of non-treated 
A549 cells, the current density did not change, suggesting that the 
concentration of H2O2 in this sample was lower than the sensor LOD. 
When the conditioned medium of rotenone-treated A549 cells was 
added, the current density increased after each addition, with an 
average value of about 6.4 ± 2.54 μA cm− 2. This result indicated that 
rotenone caused an increase in H2O2 release in A549 cells. Using the 
calibration line, Fig. 8B–a concentration of 6.52 μM was measured. 
Considering the dilution factor (for each addition 0.5 mL of sample was 
added to 35 mL of pure medium) the real concentration of H2O2 in the 
conditioned medium of rotenone-treated A549 cells was 457.4 ± 182 
μM. 

Rotenone induces oxidative stress by blocking the mitochondrial 
respiratory chain [53,54] leading to an increase of intracellular ROS 
including H2O2 (being H2O2 a product of superoxide dismutation) which 
diffuses through the cell membrane. The results reported in Fig. 10A and 
B show that the AuNW-based sensor was able to detect the 
rotenone-induced oxidative stress and this was obtained by performing a 
simple analysis of the conditioned medium. To validate these results and 
confirm that the measured extracellular increase of H2O2 reflected an 
increase in intracellular oxidative stress, a flow cytometric analysis was 
performed. To this purpose, after the collection of the supernatants 

required for the sensor tests, the cells were harvested and stained with 
the mitochondrial superoxide-sensitive fluorescent probe Mitosox Red. 
The results obtained with this approach, which is currently considered 
the gold standard for intracellular mitochondrial ROS quantification, 
confirmed that rotenone-induced a significant increase in mitochondrial 
superoxide generation compared to non-treated cells (Fig. 10C–D). 

Overall, these results support that the proposed AuNW-based sensor 
can be applied for the monitoring of cellular oxidative stress. The use of 
the sensor provides several advantages compared to currently used flow- 
cytometric or other biochemical approaches. It is faster because requires 
only one step (compared to the multiple steps necessary for the flow 
cytometry approach) and it is a conservative approach because cells 
remain undisturbed after the removal of the conditioned medium. In 
addition, the assay is more cost-effective. Therefore, future applications 
of the sensor may be foreseen for monitoring of oxidative stress. 

4. Conclusions 

In this work, an AuNW-based electrode was fabricated by template 
electrosynthesis to use it as a sensor for the detection of hydrogen 
peroxide released from human lung adenocarcinoma cells (A549). 
Different parameters of the electrodeposition process (concentration of 
the gold precursor, applied potential, pH of the solution and deposition 
time) were optimized to obtain an electrode consisting of mechanically 
resistant AuNWs attached to the current collector. The optimized elec-
trode was characterized through different techniques that showed the 
formation of an array of crystalline AuNWs about 5 μm long and with an 

Fig. 10. A) Chronoamperogram for the hydrogen peroxide quantification in the conditioned medium used for non-treated (NT) and treated with 2.5 μM Rotenone 
(ROT)-treated A549 cells. B) Hydrogen peroxide concentration detected by the sensor. *p value < 0.05 Paired t-test (N = 3). C) Mitochondrial superoxide detection 
by flow cytometry using Mitosox Red probe: representative flow cytometric analysis. D) Mitochondrial superoxide production reported as Mean Fluorescence In-
tensity (MFI) ± SD (N = 3), *p < 0.05 Paired t-test. 
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average diameter of about 200 nm. The nanostructured shape of the 
electrode guarantees a high surface area about 7 times larger than that of 
a planar gold electrode. The H2O2 reduction process was studied by CV 
at various scan speeds and was found to be controlled by diffusion. 

The AuNWs-based electrodes were tested for the detection of 
hydrogen peroxide by chronoamperometry applying a potential of 
− 0.35 V vs SCE. The AuNW-based sensor had a limit of detection of 3.2 
μM, a very wide linear range (from 10 μM to 10 mM) with a very high 
sensitivity of 0.98 μA μM− 1cm− 2. The sensor reproducibility and 
repeatability were very good because values of 3% and 7% were ob-
tained. The sensor was also very stable. The selectivity of the sensor was 
good even in the presence of high concentrations of ascorbic acid, 
glucose, uric acid, nitrate ions, HEPES, lactic acid, sodium chloride and 
Rotenone. 

The sensor was also validated by measuring the hydrogen peroxide 
released by human airway cells treated with Rotenone which induces 
mitochondrial damage and in turn oxidative stress. In particular, the 
conditioned medium of A549 cells treated and untreated with Rotenone 
was analyzed. The results were in according with those obtained by flow 
cytometry after staining the cells with a mithocondrial ROS-sensitive 
fluorescent probe. This highlights the great potential of the proposed 
electrochemical sensor as an innovative and alternative approach for the 
quantification of cellular oxidative stress. 
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