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ABSTRACT 

Monitoring of hydrogen peroxide (H2O2) in living cells has high significance for 

understanding its functions. We herein report an enzymeless H2O2 sensor consisting of a 

previously activated screen-printed carbon electrode modified with Pt nanoparticles 

electrogenerated on a supporting conductive layer of polyazure A-dodecyl sulfate. This 

electrode was used to investigate the dynamic process of H2O2 release from living 

grapevine cells under different (a)biotic stresses. The modified surfaces were 

characterized by FESEM/EDX, EIS and cyclic voltammetry. Sensor analytical 

performance was studied in a cell culture medium under aerobic conditions, as required 

for cell survival. In relation to the synergistic effect between the metal nanoparticles and 

the conjugated polymer, this electrode showed good stability, excellent analytical 

performance combined with a rapid response (<2s) and limit of detection of 24.9 nM in 

the culture medium. The modified electrodes could fulfill the real-time measurement 

requirement of H2O2 release from living plant cells to the extracellular medium operating 

continuously, even in experiments lasting more than 12 hours. Methyl jasmonate, L-

methionine, clopyralid and the fungus Botrytis cinerea were the eliciting agents chosen 

to induce oxidative stress in the plant cells. This work demonstrates the huge potential of 

this sensor for the real-time tracking of the H2O2 released from living cells under different 

physiological conditions. 
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1. INTRODUCTION 

Hydrogen peroxide (H2O2) is a very simple molecule that plays a decisive double 

role in living organisms: under normal conditions, it acts as a signaling molecule that is 

involved in a plethora of physiological functions as H2O2 is able to activate a wide range 

of reactions and intracellular signaling pathways [1]; H2O2 is also a powerful oxidant 

involved in cell damage, or even cell death, under adverse conditions during oxidative 

stress [2,3], which was why this molecule was called “a necessary evil” for living 

organisms [4]. To ensure survival, plants have developed a number of antioxidant 

mechanisms to fight different kinds of biotic and abiotic stresses working all in a narrowly 

coordinated manner and involving highly effective reaction schemes [5] to maintain 

cellular “redox homeostasis”. So despite H2O2 becoming potentially toxic [6], plants are 

able to tolerate much higher intracellular H2O2 levels than other organisms [7].  

The real-time precise tracking of the H2O2 secreted from living cells is of key 

importance for understanding the mechanisms underlying these phenomena, and for 

evaluating the redox status of cells and tissues. A literature survey reveals that this is still 

one of the most challenging tasks that researchers studying oxidative stress face [8]. 

Precise monitoring and quantification of the H2O2 produced by living cells is relatively 

limited because of its low concentration level, poor chemical stability, substantial 

diffusivity and the presence of a wide range of interfering compounds, besides the short 

half-life of cells under certain experimental conditions [9], particularly in oxygen-free 

solution. To date, many analytical techniques have been used for the detection and 

quantification of the H2O2 released from living cells, such as chemiluminescence, 

spectrophotometry and fluorescence [8,10]. However, these techniques are often complex 

and expensive, and may even sometimes require a complicated experimental protocol 

involving several steps. For all of these reasons, they are not adequate for continuous 

monitoring of H2O2 secretion associated with the oxidative burst phenomenon that occurs 

in cells subjected to the action of different (a)biotic stress agents.  

Electrochemical methods are promising candidates for real-time measurements of 

H2O2 in living cells for in vivo and ex vivo biological applications [11,12]. They provide 

the advantages of high sensitivity and selectivity, the use of simpler equipment and 

operation protocols, near-immediate responses, and the possibility of miniaturization. In 

particular, the amperometric technique that employs modified electrodes is one of the 

most appropriate for this purpose given its high temporal resolution [13]. In the last 



decade, many different materials have been tested to enhance catalytic effectiveness and 

to eliminate the effect of interferents in H2O2 amperometric sensing [11,14]. Among 

them, nanomaterials have been demonstrated to be capable of considerably improving the 

electrochemical properties of sensors, and to circumvent high overpotentials and slow 

electron transfer kinetics [13]. Pt nanoparticles (PtNPs) have drawn interest because they 

show exceptional electronic and catalytic properties as well as high chemical stability, 

satisfactory electron transfer kinetics and biocompatibility [15,16]. Active surface areas 

can be easily enlarged by reducing the size of PtNPs and distributing them 

homogeneously on the electrode surface, which allows the possibility of minimizing 

electrochemical noise and optimizing detection sensitivity [17]. Besides, highly dispersed 

PtNPs are less susceptible to poison [18]. 

Conducting polymer (CP) matrices with natural nanopores have been successfully 

used to generate highly dispersed metal nanoparticles. The CP film acts as a support for 

the metal nanoparticles to prevent their aggregation and to improve their distribution [19]. 

The electrodeposition of highly dispersed PtNPs in the numerous nanopores of different 

CPs leads to well-defined and homogeneous nanostructures with large specific surface 

area and enhanced electrocatalytic properties [18,20]. This is due to the interaction of the 

electronic structure of the polymeric chain with the noble metal surface, as well as the 

critical geometrical arrangement of the active sites provided by the highly dispersed 

PtNPs. These two effects facilitate electron transfer [21] and prevent the chemisorption 

of the poisonous species, respectively [19]. We herein pay attention to polyazure A 

(PAA), a phenothiazine-type CP that has been relatively underused for (bio)sensors 

development [22], despite offering good reproducibility and long-term stability for 

modified electrodes [23,24]. Our research group recently demonstrated that the combined 

use of this conjugated polymer with platinum nanoparticles, electrogenerated on a 

previously activated screen printed carbon electrode, displays excellent analytical 

performance toward hydrogen peroxide determination [25]. Furthermore, the above 

mentioned role of CPs in preventing the poisoning of PtNPs dispersed in polymers [19], 

indicates that this sensor could be an excellent alternative for studying cell signaling in 

complex media.  

Plant cell suspensions have proven to be excellent tools for studying the 

mechanisms of plant defense. Cultivated cells react to externally added elicitors in a 

similar way to cells in plants, and research into defense responses in this medium is 



widely accepted [26]. Experimental results have shown that adding elicitors to plant cell 

suspensions provokes an oxidative burst characterized by rapid H2O2 generation [27].  

In this paper, highly dispersed PtNPs-doped PAA polymer supported on an 

activated screen-printed carbon electrode (aSPCE) were obtained by electrochemical 

deposition. The electrode was then used for amperometric H2O2 monitoring in living 

grapevine cell suspensions in real time. Cells were treated with different elicitors, such as 

methyl jasmonate (MeJa), L-methionine, clopyralid and the fungus Botrytis cinerea to 

analyze H2O2 production. This sensor allowed not only the early response of cells to 

elicitation, but also H2O2 production after several hours of treatment, to be studied. 

 

2. MATERIAL AND METHODS 

2.1. Reagents 

Azure A (AzA) (80%), chloroplatinic acid hexahydrate (≥99.9%), citric acid 

(trisodium salt), L-dehydroascorbic acid (DHA), ethanol (≥ 99.5% v/v), D(+)-glucose, 

H2O2 (35%), D-mannitol, L-methionine, trans-resveratrol, salicylic acid, sodium L-

ascorbate, sodium lauryl sulfate (SDS 95%), ascorbate oxidase (AO) from Cucurbita sp. 

(156.60 units/mg solid), catalase (CAT) from bovine liver (2,200 units/mg protein) and 

peroxidase from horseradish (HRP, 313 units/mg solid) were obtained from Merck-

Sigma-Aldrich (Spain). MeJa was purchased from Duchefa (Spain). KCl, KNO3, 

K2HPO4, KH2PO4 and K4Fe(CN)6 were acquired from Merck. H2SO4 and HCl were 

supplied by Panreac. Clopyralid 72% came from Dow AgroSciences (US). 

The fungus B. cinerea was grown on potato dextrose agar plates for 20 days at 28 

ºC until extensive sporulation. Spores were recovered by adding 10 ml of distilled sterile 

water to each plate. The suspension was filtered through nylon mesh in order to remove 

contaminating hyphae. A haemocytometer was used to determine the spore concentration. 

For the elicitation experiments, grapevine cell cultures were cultivated with B. cinerea 

spores at a final concentration of 6 × 104 spores/mL. 

All the measurements were taken with freshly prepared solutions. The 

concentration of the H2O2 stock solutions was spectrophotometrically checked at 240 nm 

(ε = 43.6 M-1 cm-1) [28]. 

2.2. Apparatus 



All the electrochemical experiments were performed using an AUTOLAB 

potentiostat-galvanostat set-up (PGSTAT 128N) equipped with a frequency response 

analyzer module and controlled by the NOVA 2.0 software package. Unless otherwise 

stated, the herein indicated potentials refer to the Ag-ink pseudo-reference electrode of 

SPCEs. The electrochemical impedance spectroscopy (EIS) experiments were performed 

in 5 mM Fe(CN)6
4−/3− and 0.1 M KCl solutions at +0.15V from 65 KHz to 10 mHz. 

The field emission scanning electron microscope (FE-SEM) images were obtained 

on an Apreo S field emission scanning electron microanalyzer equipped with an EDX 

detector (Thermo Scientific, Brno, Czech Republic). The energy dispersive X-ray 

spectroscopy (EDX) mapping was performed at an accelerating voltage of 20 kV. The 

particle size of the Pt nanoparticles was obtained with the image processing software 

ImageJ [29]. The spectrophotometric measurements were taken by a UV/Vis Perkin-

Elmer Lambda 35 (PerkinElmer Instruments, Waltham, USA) spectrophotometer. 

The experimental data were statistically processed with version 9.4 of the 

scientific OriginPro software. 

2.3. Preparing the modified electrodes 

The employed electrodes were disposable SPCEs (DRP-110, DropSens). The 

carbonaceous surface was modified as previously described [25], with slight 

modifications to improve the response in more complex media. Briefly, the procedure 

consists of three steps: a) 25 cyclic voltammetry scans in H2O2 to activate the working 

surface (aSPCEs); b) electropolymerization of AzA in the presence of SDS [30] to obtain 

PAA(DS)/aSPCEs by cyclic voltammetry (Fig. S1 in the Supplementary Material). The 

modified electrodes were rinsed with ethanol to remove the residual monomers adsorbed 

on PAA films; c) PAA(DS)/aSPCE was immersed in H2PtCl6 6.4 mM containing 0.01 M 

of KCl and the potential was held at -0.4 V (vs Ag/AgCl) for 180 s. The reference 

electrode of SPCE was substituted for an Ag/AgCl external reference electrode (CHI 111, 

CH instruments, Inc., USA). Finally, the thus obtained modified electrodes 

(Pt@PAA(DS)/aSPCEs) were cleaned with ultrapure water, dried and stored at room 

temperature in a closed container. 

The electroactive surface area of the modified working electrodes was obtained 

using the hydrogen adsorption/desorption voltammetric peaks of platinum electrode with 

a known charge density of 210 µC∙cm-2 in 0.5 M H2SO4 [31]. A value of 1.40±0.07 cm2 



was determined. These electrodes are stable after several storage months and can be 

reused after electrochemical cleaning in H2SO4 0.05 M. 

2.4. Elicitation of the grapevine cell suspensions  

Vitis vinifera cv. Monastrell calli were used [32] to obtain grapevine cell 

suspensions. For this purpose, cells were cultivated in 100 mL flasks containing 20 mL 

of culture medium, and maintained by periodical subcultures every 15 days [33]. These 

grapevine cell suspensions were incubated under continuous darkness conditions at 25 ºC 

in a rotary shaker operating at 115 rpm. 

The electrochemical experiments were performed using 1 g of fresh weight of 

cells, previously filtered and rinsed with cold water. Then, cells were transferred to a 

vessel containing 5 mL of phosphate-buffered, pH 6.4, Gamborg B5 culture medium 

supplemented with Morel vitamins [34], 0.25 g/L casein hydrolysate, 20 g/L sucrose, 0.2 

mg/L kinetin and 0.1 mg/L 1-naphthaleneacetic acid [33]. This buffered culture medium 

(bGB5) was also used to study the analytical performance of the sensor. The 

chronoamperometry experiments were carried out with magnetic stirring at 200 rpm. 

The elicitation experiments were run using 15-day-old grapevine cell suspensions. 

The control grapevine cell suspensions in the absence of elicitors were run in parallel with 

the elicitation experiments. Dead cells were obtained by placing 1 g of living cells in a 

microwave at maximum power for 2 minutes. 



3. RESULTS AND DISCUSSION 

3.1. FE-SEM characterization of SPCE, aSPCE, PAA(DS)/aSPCE, 

Pt@PAA(DS)/aSPCE and Pt@aSPCE  

FE-SEM was employed to characterize the surface morphology of the modified 

electrodes, as shown in Fig. 1. The surface morphologies of the bare SPCE (A), aSPCE 

(B), and PAA(DS)/aSPCE (C) did not present any significant differences, except for a 

slight increase in surface roughness for aSPCE, which agrees with the oxidation of the 

carbon ink by H2O2 [35]. The Pt@PAA(DS)/aSPCE surface (Fig. 1D) showed that PtNPs 

were homogeneously adsorbed on the electrode surface with a fusiform nanostructure and 

average sizes of 95.77±9.58 nm (length) and 17.62±3.23 nm (width). To highlight the 

importance of the polymer as a supporting layer, the images of the Pt particles 

electrodeposited in the absence of the polymer (Pt@aSPCE) are also depicted (Fig. 1E). 

In this last case, platinum particles were aggregates with no defined shape that were larger 

than those obtained in the presence of PAA. The corresponding EDX spectra were also 

taken and are presented in Figs. S2 and S3 of the Supplementary Material. 

 

Fig. 1. Field Emission Scanning Electron Microscope (FE-SEM) images of the bare 

SPCE (A), aSPCE (B), PAA(DS)/aSPCE (C), Pt@PAA(DS)/aSPCE (D) and Pt@aSPCE 

(E). Magnification: 40,000x. 

 

 



3.2. Electrochemical characterization of the bare/modified electrodes 

The electrochemical behavior of the fabricated electrodes in the different stages 

was first assessed in 5 mM K4[Fe(CN)6] + 0.1 M KNO3 solution. Well-defined CVs with 

characteristic oxidation and reduction peaks of the Fe3+/Fe2+ pair were obtained for the 

modified SPCEs (Fig. 2A). From these CV results, the calculated ΔEp values were 0.36, 

0.20, 0.19 and 0.17 V for the SPCE, aSPCE, PAA(DS)/aSPCE and Pt@PAA(DS)/aSPCE, 

respectively. These results were consistent with the data obtained by EIS. Fig. 2B shows 

the Nyquist plots obtained for these electrodes at a fixed frequency range (65 kHz to 10 

mHz) and an applied potential of 0.15 V (more enlarged images of the high frequency 

range are shown in Supplementary Material, Fig. S4). The obtained spectra well fitted a 

Randles type circuit (Fig. 2B inset). The charge transfer resistance values (Rct) showed a 

significant decrease from 2,680.9 Ω (SPCE), 495.5 Ω (aSPCE), 484.7 Ω 

(PAA(DS)/aSPCE) to 414.1 Ω (Pt@PAA(DS)/aSPCE). These data indicated that the 

successive modifications made on the electrodes’ surfaces accelerated the electron 

transfer and, therefore, led to an enhanced conductivity [36].  

 



Fig. 2. The cyclic voltammograms (A) and electrochemical impedance spectra (B) of the 

bare (black line) and modified electrodes in the different stages (aSPCE, red; 

PAA(DS)/aSPCE, green; Pt@PAA(DS)/aSPCE, blue) recorded in 0.1 M KNO3 

containing 5 mM [Fe(CN)6]
4−. Scan rate (CV): 50 mV·s-1, Eapplied (EIS): 0.15 V. (C) 

Anodic LSV responses in bGB5 in the absence (dotted lines) and presence (solid lines) 

of 10 mM H2O2. For comparison purposes, the LSVs obtained with a Pt@aSPCE are also 

included (light blue lines). (D) Plot of the variations of peak currents vs. the square root 

of the scan rate. Inset: LSVs of Pt@PAA(DS)/aSPCEs in bGB5 containing 10 mM H2O2 

at scan rates from 5 to 100 mV∙ s-1. 

 

Accordingly, the different modified electrodes were used to investigate their 

electrocatalytic activity toward H2O2 oxidation in the bGB5 culture medium. For that 

purpose, linear sweep voltammetry (LSV) was performed in the absence and presence of 

10 mM H2O2 in bGB5 (Fig. 2C). No redox peak appeared either in the absence of H2O2 

for any electrode or for the unmodified SPCE in the presence of 10 mM H2O2. These 

results indicated that despite of the culture medium’s enormous chemical complexity, it 

did not interfere within this voltage range. A clear oxidation peak appeared at 0.58V and 

0.56V for the aSPCE and PAA(DS)/aSPCE, respectively, in the presence of H2O2, which 

shifted to a lower anodic potential (0.3V) when PtNPs were electrodeposited on the 

conjugated polymer. Peak intensity sharply increased on Pt@PAA(DS)/aSPCE, which 

indicated that the synergistic effect of the conjugated polymer and metal nanoparticles 

improved electrocatalytic activity [25,37,38]. These results demonstrated that 

Pt@PAA(DS)/aSPCEs possess outstanding electrocatalytic activity toward H2O2 

oxidation and high sensitivity, which suggests that they can be used for the real-time 

monitoring of oxidative stress in living cell suspensions. 

Finally, the effect of the scan rate on the oxidation peak of H2O2 was examined 

under the same experimental conditions (Fig. 2D). A linear plot of the anodic peak 

currents versus the square root of the scan rate was obtained with a correlation coefficient 

of R2=0.99771. This result clearly indicates a diffusion-controlled electrochemical 

process, which is largely favorable for efficient electrochemical H2O2 detection [39]. As 

can be seen in the inset of the figure, the position of the peaks did not shift with an 

increased scan rate, which corroborates a fast electron transfer process. 

3.3. Amperometric response of Pt@PAA(DS)/aSPCEs to H2O2 

Fig. 3A depicts the amperometric responses of the differently modified electrodes 

toward H2O2. A very slight increase in current intensity caused by the bare, aSPCE and 



PAA(DS)/aSPCE took place. However, fast stable and well-defined amperometric 

responses were observed for Pt@PAA(DS)/aSPCEs with successive additions of H2O2 to 

the stirred bGB5 medium. The current signal promptly increased upon each addition of 

H2O2, with a remarkably rapid (< 2 s) and sensitive amperometric response. For more 

details, Fig. 3B depicts the linear dependence of the current intensity and H2O2 

concentration within the 0.1-10 µM range, which is an appropriate range for working with 

living cells. A plot with a wider range (to 300 µM) is shown in the Supplementary 

Material (Fig. S5). According to the fit results, sensitivity was 64±0.19 nA∙µM-1∙cm-2, the 

limit of detection 24.9 nM (S/N = 3) and the limit of quantification 83.4 nM. 

 

Fig 3. (A) Amperometric responses of the unmodified/modified electrodes to consecutive 

additions of 10 μM H2O2 to bGB5 at 0.3V with constant stirring. Colour codes: SPCE 

(black), aSPCE (red), PAA(DS)/aSPCE (green), Pt@PAA(DS)/aSPCE (blue). (B) 

Calibration curve of the current response to increasing H2O2 concentrations obtained with 

five independent Pt@PAA(DS)/aSPCEs in bGB5. The points represent experimental data 

(they are the mean of five assays), the error bars represent standard deviations, and the 

straight line corresponds to the regression analysis plot (y = 0.084x + 8.85x10-4, R2 = 

0.9997). 

 

The obtained electrodes Pt@PAA(DS)/aSPCEs were compared with other 

electrodes previously reported in the scientific literature, employed for the real-time 

monitoring of the H2O2 secreted from living cells (Table S1). To the best of our 

knowledge, the calibration curves reported in most studies conducted with 

electrochemical sensors have been usually obtained in phosphate buffer. It has been 

proven that the oxidation potential of H2O2 in phosphate-buffered saline is subjected to a 

marked shift of the signal towards higher potentials in complex cell suspensions [40]. 

Instead, all our experiments, as well as the calibration curve and analytical parameters, 



were obtained in the buffered bGB5 culture medium. This medium provides cells with 

the necessary nutrients, which makes their long-term study possible. As aerobic 

conditions are also required to ensure cell survival, the study of H2O2 reduction in N2-

saturated media would not be compatible with studying cellular behavior for long times. 

Therefore comparatively speaking, the herein proposed electrochemical sensor is 

identified as a promising tool for H2O2 sensing in living cells under real conditions. 

3.4. Reproducibility, stability and sensitivity 

The relative standard deviation (RSD) of three Pt@PAA(DS)/aSPCEs generated 

on different days was 2.2% (Fig. S6), which indicates excellent reproducibility for the 

modified electrodes. The repeatability and stability of these modified electrodes were also 

investigated. The response current remained almost unchanged for five determinations 

using the same electrode (Fig. S7) with an RSD of 1.8%, which demonstrates the good 

repeatability of the herein proposed sensor. No change in peak current was observed for 

H2O2 after storing the electrode at ambient temperature under dry conditions for 2 months, 

which illustrates satisfactory stability. Furthermore, despite these electrodes being 

disposable (single-use) and having been used with a solution as chemically complex, such 

as a buffered culture medium (bGB5), they can be reused after cleaning in 0.05 M H2SO4, 

as checked by the voltammetric profile of the electrodes in H2SO4 after several uses (Fig. 

S8). 

3.5. Monitoring the response of grapevine cell suspensions in bGB5 

Because of the excellent sensing performance of Pt@PAA(DS)/aSPCEs, we 

decided to investigate their effectiveness for the in vivo H2O2 detection of plant cell 

suspensions in the extracellular medium. In this work, these modified electrodes were 

used for the real-time tracking of the H2O2 released to the extracellular medium in which 

grapevine cells grew. These grapevine cell suspensions have been proposed as 

biofactories for the biotechnological production of resveratrol by using cyclodextrins and 

MeJa as elicitors [33]. 

To verify if Pt@PAA(DS)/aSPCEs were able to detect H2O2 fluctuations in living 

cell suspensions, a real-time response to the exogenous addition of distinct amounts of 

H2O2 to grapevine cell suspensions in bGB5 was monitored under four different 

experimental conditions (Fig. 4A). The amounts of H2O2 added in the four assays ranged 

from 10 µM to 1 mM. The blue line denotes the blank signal shown by the culture medium 



in the absence of cells upon successive additions of H2O2. The added peroxide remained 

almost constant over time, which indicates that H2O2 was stable in bGB5. The black line 

depicts the behavior of the unstressed grapevine cell suspensions. Exogenous H2O2 was 

quickly depleted by cells owing to the outstanding ability of the antioxidant defense 

systems of plant cells to react against high H2O2 levels.  

When cells were previously incubated with CAT (red line), H2O2 was quickly 

consumed. H2O2 was depleted in only a few seconds even at high concentrations. Another 

experiment was run in the presence of HRP (green line), which resulted in a higher H2O2 

consumption rate than that observed in the absence of any enzyme at [H2O2] < 100 µM 

(Fig. 4A, inset). However, this consumption rate gradually slowed down with increasing 

H2O2 concentrations, which was probably due to the H2O2-induced inactivation of 

peroxidase activity [41]. These results clearly demonstrate that our sensor can be 

efficiently used for real-time H2O2 determinations in biological environments, and to also 

study the defense mechanisms in living cells.  

 



 

Fig. 4. (A) Amperometric responses of bGB5 (blue line), the grapevine cells in bGB5 

(black), the cells previously incubated with 150 units of CAT (red) and the cells incubated 

with 100 units of HRP (green), upon successive additions of H2O2. (B) Amperometric 

curves of bGB5 (black), bGB5 with CAT (red), living cells in bGB5 (light blue), living 

cells in bGB5 previously incubated with CAT for 8 min (green) and living cells in bGB5 

+ CAT added at t=580s (dark blue). Eapplied 0.3V vs Ag-SPCE. 

 

H2O2 is continuously produced by plant cells via different mechanisms and is 

secreted to the extracellular medium [42]. Fig. 4B shows the chronoamperometric i-t 

responses obtained in bGB5 in the absence and presence of grapevine cell suspensions 

and/or CAT until a stationary current was reached. The steady-state value depends on the 

chemical potential of bulk electroactive species [43]. The repeatability of 

Pt@PAA(DS)/aSPCEs was excellent: the curves corresponding to the cell-free bGB5 in 

the presence and absence of CAT were almost the same, with similar steady-state values. 

A very close curve was obtained when the same experiment was performed with the cells 

in the bGB5 incubated with CAT before starting to take the measurement. This assay 

demonstrated that H2O2 can be effectively measured in bGB5 as there seems to be no 

interfering compound in either the culture medium or the presence of cells. The current 

intensities obtained when grapevine cells were included in the medium in the absence of 



CAT (blue curves) were slightly higher. The difference in current between these curves 

and the curve obtained in the presence of the cells previously incubated with CAT was 

probably due to the extracellular H2O2 level. To ensure that this response was due to 

H2O2, CAT was added after reaching the steady state. As we can see, the steady current 

attained under these conditions dropped to the level of the previous curves, which 

indicates that a relation exists between current intensity and the H2O2 level. If we take 

into account the previous calibration curve in bGB5, these results showed that these 

grapevine cell suspensions had an extracellular H2O2 level of 1.62±0.03µM under normal 

physiological conditions, which agrees with other values reported in the literature [44,45]. 

Hence this electrode can be applied for the real-time measurement of steady-state H2O2 

levels even in unstressed cells. 

3.6. Electrochemical assessment of hydrogen peroxide as a stress response 

 The as-fabricated Pt@PAA(DS)/aSPCE was used to carry out the real-time 

monitoring of the H2O2 released by cells. It is well-known that the presence of different 

stress agents has distinct effects on the H2O2 concentration in the medium [46,47]. MeJa, 

methionine, clopyralid and B. cinerea were selected as elicitors for stimulating H2O2 

production in grapevine cell suspensions. MeJa has been proposed as a key compound of 

the signal transduction pathway involved in the induction of the secondary metabolites 

and pathogenesis-related proteins that participate in plant defense reactions [48]. 

Methionine acts as an antioxidant and is a key component for cellular metabolism 

regulation [49]. Boubakri et al. [50] demonstrated that methionine stimulated the 

expression of defense-related genes in grapevine plants, and how the H2O2 level released 

to the extracellular medium increased with rising methionine doses. Clopyralid is a 

selective synthetic auxin herbicide that mimics naturally-occurring plant hormones, used 

to control broadleaf weeds in turf and some crops [51]. As Fig. 5A depicts, a baseline was 

achieved after applying a constant potential (0.3V) for approximately 10 minutes prior to 

introducing the elicitors. After adding MeJa and methionine, and following the addition 

of clopyralid to cells, the current intensity significantly increased. These responses 

corresponded to the following increases in the concentration of the H2O2 released to the 

extracellular medium according to the calibration curve: 9.13, 42.37 and 13.46 µM, 

respectively (Fig. 3B). However, no changes in current intensity were observed in the 

absence of elicitors (unstressed cells). For comparative purposes, the living cells 



incubated with CAT and the dead cells were treated with MeJa at t=10 min. No responses 

were obtained in both cases. 

 B. cinerea is a fungal pathogen which causes necrotic lesions to form that mimic 

a typical hypersensitive response and apoptosis-related events in grapevine cells [52]. As 

seen in Fig. 5B, B. cinerea spores were added to two cellular systems: dead and living 

cells in bGB5. The dead cells did not exhibit any amperometric response to B. cinerea 

after more than 14 hours of treatment. Conversely, the living cell system resulted in an 

almost immediate moderate increase in the current response after the fungal-elicitor 

treatment. Subsequently, the measured H2O2 concentration lowered and remained within 

this range for a long period of time. An increase in the current change was observed at 

around 8 h after elicitation, which corresponded to a rise in the H2O2 concentration of 

1.12 µM. These data, which were obtained in a continuous mode, are comparable to those 

found in the literature obtained discontinuously, where the released H2O2 level showed 

the maximum 8 h after fungal treatment [47,52]. 



 

Fig. 5. (A) Real-time amperometric response of the living cells in bGB5 obtained for the 

unstressed cells (black line) and after adding the following elicitors: 1 mM methionine 

(dark blue), 75 mM clopyralid (red), 600 μM MeJa (light blue), 600 μM MeJa + 50 units 

of CAT (green), dead cells + 600 μM MeJa (grey). (B) Amperometric monitoring of B. 



cinerea infection development in both the living (light blue) and dead (black) grapevine 

cell suspensions. Eapplied 0.3V vs Ag-SPCE. 

 

3.7. The selectivity of the sensor 

To assess the possible real applications of the developed H2O2 sensor, the effect 

of the different agents that may be present in the physiological environment, as well as 

the elicitors herein used, was evaluated by the amperometric current-time method. Figs. 

6A and 6B illustrate the currents obtained by adding H2O2 and the indicated compounds 

to bGB5. The only contribution to the signal was due to ascorbate (Fig. 6A, inset). 

Nevertheless, this effect could be easily prevented by applying a pretreatment of the 

sample with ascorbate oxidase [53] because the product of the biocatalytic oxidation, 

DHA, does not interfere with the signal, so the signal returns to its original level. 

Therefore, Pt@PAA(DS)/aSPCEs not only show good specificity to recognize H2O2 in 

complex cell culture media, but are promising tools for analyzing biological samples. 

 

Fig. 6. Amperometric responses of Pt@PAA(DS)/aSPCEs in bGB5 towards 50 μM H2O2 

(red arrows) and 100 μM of the following compounds: (A) 1-citric acid, 2-glucose, 3-

salicylic acid, 4-mannitol, 5-DHA, 6-resveratrol, 7-ascorbate oxidase (50 units), 8-

ethanol. The inset shows the chronoamperometric curves of Pt@PAA(DS)/aSPCEs 

obtained after adding 100 μM ascorbate (9) and then 50 units of ascorbate oxidase (10). 

(B) 1-MeJa, 2-Botrytis cinerea, 3-methionine, 4-clopyralid. Eapplied 0.3V vs Ag-SPCE.  

 

CONCLUSIONS 

This work studied the development and application of a robust and simple 

enzyme-free sensor capable of detecting nanomolar H2O2 levels. This sensor was used 

for the real-time monitoring of the H2O2 released from grapevine cell suspensions to the 



extracellular medium under different physiological conditions with an extraordinarily 

rapid (< 2 s) and sensitive response. It was proven that Pt@PAA(DS)/aSPCEs can be 

used for real-time in vivo tests over prolonged periods of time in complex culture media 

and under aerobic conditions. Furthermore, the sensor can be reused after simple 

electrochemical cleaning in H2SO4. These electrochemical sensors are promising 

candidates for constructing cost-effective commercial and disposable H2O2 monitoring 

systems which can operate in (bio)reactors for potential industrial applications and cell 

factories. 
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