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Abstract:  

 

Hydrogen peroxide (H2O2) is one of the most important reactive oxygen species and it is 

involved in a number of cellular processes ranging from signal transduction to immune-

defence and oxidative stress. It is of great interest to intracellularly quantify H2O2 to improve 

the understanding of its role in disease processes. In this study, we present an amperometric 

nanosensor for the quantification of H2O2 at the single-cell level. Deposition of the 

electrocatalyst Prussian Blue on carbon nanoelectrodes enables the selective H2O2 reduction 

at mild potentials. Because of their small size and needle-type shape, these nanoelectrodes 

can penetrate the membrane of single living cells causing only minimal perturbation. The 

nanosensors allow the monitoring of penetration-induced oxidative outbursts as well as the 

uptake of H2O2 from the extracellular environment in single murine macrophages. 

 

 

 

Introduction 

Reactive oxygen and nitrogen species (ROS, RNS) play a key role in physiological processes 

such as signalling and cell proliferation.[1] However, overproduction leads to oxidative stress 

which is related to several pathogenic conditions including cardiovascular, cancer and 

neurodegenerative diseases.[2,3] Their very short lifetime and spatially restricted abundance 

complicate the detection of ROS or RNS. To date, selective intracellular non-destructive 

analysis of ROS or RNS species is not available. Conventional ROS and RNS detection methods 

are based on fluorescent probes, electron-spin resonance approaches and immunoassays.[4] 

Although widely used, these methods either study cells post-mortem or require labelling 

which alters the ROS physiology. Additionally, intracellular ROS quantification remains 

challenging as the reaction mechanism of fluorophores is often unclear and they lack 

specificity for one particular target molecule.[5] Due to their small size, amperometric sensors 

based on ultramicro- or nanoelectrodes provide the necessary spatial and temporal 

resolution which makes them suitable as alternative probes for measurements in tissues[6] 

and single-cell analysis.[7] Ultramicroelectrodes were previously used to detect ROS/RNS 

released from single cells to the extracellular environment after stimulation of an immune 

response.[8,9] Beyond that, tools for the evaluation of intracellular ROS levels are of high 



value to elucidate the impact of ROS species on individual cell fates. Recently, intracellular 

electrochemical ROS detection using platinised nanoelectrodes was reported.[10] The applied 

potential was high enough to oxidise most ROS and RNS but also compounds like uric acid or 

ascorbic acid, which resulted in a lack of specificity. Besides, the outer glass sheath of several 

hundred nm was rather large in comparison to a single cell. Carbon nanoelectrodes (CNEs) 

fabricated by pyrolysis of alkane gas in laser-pulled quartz nanopipettes[11,12] exhibit smaller 

overall dimensions. CNEs were applied for electrochemical measurements in individual cells 

with minimal cell disturbance, however with yet unsatisfactory specificity for certain ROS 

species.[13] More recently, we have reported on the modification of CNEs with Prussian Blue 

(PB), an excellent catalyst for the selective reduction of hydrogen peroxide.[14] Due to the 

mild potentials applied for detection, these nanosensors allow selective determination of 

H2O2. In this article, we apply these PB nanosensors for the detection of intracellular H2O2 

in single living cells. 

 

Results and Discussion 

CNEs were fabricated from quartz capillaries by laser pulling and subsequent pyrolysis of 

butane/propane into the formed nanopipettes. The electrodes typically exhibit a radius 

between 50 and 200 nm as estimated from their steady-state current in a solution of 5 mM 

[Ru(NH3)6]Cl3. A tight seal between cell membrane and the nanoelectrode tip is crucial to 

exclude the detection of extracellular species.[15] Human embryonic kidney (HEK) cells 

immersed in PBS pH 7.4 containing two different redox mediators were penetrated with 

unmodified CNEs using the measurement setup depicted in Figure 1 a. The hydrophilic 

mediator [Ru(NH3)6]3+ does not permeate through the phospholipid bilayer membrane 

while in contrast ferrocenemethanol (FcMeOH) crosses the membrane due to its hydrophobic 

nature.  

 

 
Figure 1. a: Scheme of the experimental setup used for cell penetrations. b: Cyclic 

voltammograms of a nanoelectrode in 1 mM [Ru(NH3)6]Cl3, 1 mM FcMeOH in PBS pH 7.4, 

100 mVs-1. The black and blue line show the cyclic voltammograms in the solution before and 

after penetration of a HEK cell, respectively. The red line shows the cyclic voltammogram 

recorded when the nanoelectrode was inserted in a HEK cell.  

 

Cyclic voltammograms were recorded before and after penetration as well as inside of the 

cytosol (Figure 1 b). After penetration of the CNE into the cell, the redox wave of 

[Ru(NH3)6]Cl3 is reduced by about 95% while the FcMeOH signal only decreases by 

approximately 50%. Additionally, an anodic shift of the half-wave potential is observed which 

is due to the additional contribution of the membrane potential to the external potential 

applied to the sensor. Together with the absence of the response from the hydrophilic 

mediator while the hydrophobic one is still detectable, this shift indicates successful insertion 
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of the CNE into the cell and a tight seal between the electrode and the cell membrane. Only 

in approximately 20% of nanoeletrode insertions, extracellular species leaked inside which 

was concluded from an increasing [Ru(NH3)6]Cl3 redox wave. After retraction, the 

voltammetric signal recovers to its initial value, excluding electrode fouling or blocking of the 

sensor. Each CNE can be used several times for experiments on different cells. The result 

demonstrates that CNEs allows probing of the intracellular space with only minimal 

perturbations to cellular function and viability.  

As described previously,[14] the stability of H2O2 nanosensors crucially depends on the 

deposition of PB inside etched nanocavities at the tip of CNEs. Calibration curves showed a 

linear dependence of the cathodic current with the H2O2 concentration within the range 10 

µM - 3 mM (Figure 2a). We employed the PB-based nanoprobes to detect endogenous H2O2 

in murine macrophages J447A.1. Macrophages are responsible for the phagocytosis of cell 

debris and pathogens which they kill by an oxidative outburst,[16] i. e. the release of large 

amounts of ROS and RNS. 

To evaluate the influence of intracellular insertion on the stability of the deposited PB film, 

cyclic voltammograms were recorded in PBS and inside macrophage cells (Figure 2b). The 

cyclic voltammogram recorded inside the cell shows largely identical voltammetric features 

corresponding to the oxidation/reduction of the PB/Prussian White (PW) redox couple, 

indicating that the intracellular environment does not substantially alter the redox properties 

of the PB film. 

 
Figure 2. a: Calibration of H2O2 reduction currents at a PB-modified carbon nanoelectrode in 

0.1 M sodium phosphate buffer pH 7.0 containing 150 mM KCl. b: Cyclic voltammograms of a 

PB-modified carbon nanoelectrode in PBS pH 7.4 (red line) and inside of a murine macrophage 

(black line) at 200 mVs-1. 

 

The working potential for penetration experiments was in the range between 0 and -200 mV 

vs. Ag/AgCl/3 M Cl-, typically at -150 mV. At that potential most of the electrocatalyst layer is 

present in its reduced form PW, which is required for H2O2 reduction. As expected for PB-

modified electrodes,[17] the nanosensors did not record substantial interferences caused by 

ascorbic acid. Interference by molecular oxygen was only observed at potentials below -300 

mV. To elucidate the impact of cell penetrations on cell viability and ROS production, PB-

modified nanoprobes were inserted in macrophage cells without any specific stimulation of 

their ROS secretion. Optical micrographs of a macrophage with a PB-modified CNE inserted 

and after retraction (Figure 3a) show that the cell maintains its shape, indicating that 

penetration with a CNE does not impact cell viability. 

After successful penetration of the membrane, typically a cathodic current spike is observed 

in the corresponding chronoamperometric data (Figure 3b), followed by a slow equilibration 

back to the initial current value measured in the surrounding buffer.  
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Figure 3. a: Optical micrographs of a PB-modified carbon nanoelectrode inserted into a 

murine macrophage (top) and after retraction (bottom). b: Typical current-time trace during 

a cell penetration experiment. The moment of penetration and retraction are marked with a 

red and blue arrow, respectively. Inset: Magnification of the same current transient. c: 

Comparison of the current responses for untreated cells (black) and after addition of 20 mM 

3-AT to inhibit catalase (red) d: Comparison of cathodic peak half-life between catalase-

inhibited and non-treated cells. Column heights represent the median whereas whiskers 

show the 25th and 75th percentiles. 

 

The sharp cathodic current spikes are likely due to oxidative outbursts induced by the 

insertion of the nanosensor. Similar behavior has been described previously as being caused 

by mechanical stimulation.[9,10] As a control experiment, bare CNEs without the 

modification with PB were inserted into cells and no current signals were observed upon 

penetration. A number of ROS scavenging systems are in place to protect the cell from a 

detrimental overabundance of ROS. For instance, catalase accelerates the disproportionation 

of H2O2. Consequently, deactivating catalase by its inhibitor amino-1,2,4-triazole (3 AT)[18] 

leads to an accumulation of H2O2 in the cell.[19] The high temporal resolution of the 

nanosensors allows to monitor the course of intracellular H2O2 levels after an oxidative 

outburst. After addition of 3-AT to the cell medium, the decay of the cathodic peak observed 

upon cell penetration is retarded (Figure 3c) and the corresponding peak half-lives are 

ƐƵďƐƚĂŶƚŝĂůůǇ ůŽŶŐĞƌ ;FŝŐƵƌĞ ϯĚͿ͘ TŚŝƐ ďĞŚĂǀŝŽƵƌ ŝƐ ĂƚƚƌŝďƵƚĞĚ ƚŽ ƚŚĞ ĐĞůů͛Ɛ ĚŝŵŝŶŝƐŚĞĚ ĐĂƉability 

to decompose H2O2 when its antioxidative protection is partially dysfunctional.  

Moreover, PB-modified nanosensors are suitable to quantify the intracellular H2O2 level. The 

cell membrane is permeable to H2O2.[1] To mimic a situation of oxidative stress and to study 

the uptake of H2O2 from the extracellular environment into macrophage cells, a known high 

concentration of H2O2 was added to the surrounding buffer after inserting a nanosensor into 
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the cell (Figure 4a). Subsequently, an increase of the intracellular cathodic current is observed 

due to H2O2 crossing the cell membrane. The stable current plateau recorded a few seconds 

after the addition of H2O2 corresponds to a steady-state hydrogen peroxide concentration 

which is a result of the competition between permeation through the membrane and 

ƐĐĂǀĞŶŐŝŶŐ ŽĨ HϮOϮ ďǇ ƚŚĞ ĐĞůů͛Ɛ ĂŶƚŝŽǆŝĚĂƚŝǀĞ ƉƌŽƚĞĐƚŝŽŶ͘΀ϯ΁ UƉŽŶ ƌĞƚƌĂĐƚŝŽŶ ŽĨ ƚŚĞ ƐĞŶƐŽƌ͕ 
the cathodic current increases even further due to the higher extracellular H2O2 level. 

  
Figure 4. a: Current-time trace of penetration experiments at two distinct macrophages upon 

addition of H2O2 to the external solution to a concentration of 500 µM. A potential of -150 

mV vs. Ag/AgCl/3 M KCl was applied. The blue panels indicate the periods during which the 

sensor was inserted into the cells. b: Intracellular H2O2 concentration in dependence of the 

concentration in the extracellular buffer. n = 3. 

 

 

 

When varying the extracellular hydrogen peroxide concentration, the driving force for 

diffusive H2O2 transport across the cell membrane into the cell is modulated, resulting in a 

higher influx of hydrogen peroxide across the cell membrane. Consequently, the intracellular 

concentration scales with the extracellular H2O2 level (Figure 4b). This finding represents a 

situation of oxidative stress where the antioxidative protection cannot compete with the high 

influx of H2O2. 

 

Conclusions 

Selective electrochemical quantification of ROS species inside cells has remained challenging 

due to the large sensor size and a lack of specificity for the detection. We have previously 

reported on amperometric nanosensors for H2O2 detection which are fabricated by 

depositing Prussian Blue into etched cavities on the tip of carbon nanoelectrodes and 

predicted their use for the quantification of ROS species in cells.[14] We demonstrate their 

exploitation for selective intracellular quantification of H2O2. These nanoprobes are suitable 

to probe the intracellular environment without causing a leakage between the extra- and 

intracellular medium. The sensors were successfully applied for the detection of H2O2 during 

penetration-induced oxidative outbursts in murine macrophages. The temporal evolution of 

the transient intracellular hydrogen peroxide levels can be resolved and may be used to 

evaluate the antioxidative capabilities of cells. Besides, it is possible to quantify the 

intracellular H2O2 level and monitor its permeation through the cell membrane. The 

described experiments demonstrate that the PB-modified nanoprobes are a versatile tool to 

investigate the intricate balance between production, annihilation and secretion of ROS at 

the single-cell level. In future applications, the nanosensor could help to monitor the 

evolution of H2O2 concentration in individual cells to elucidate the role of ROS in 
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physiological and disease processes. The approach presented in this paper is a step towards 

the analysis of cells on an individual non-statistical basis which is the next big frontier in 

biology.[20] 

 

Experimental Section 

 

The preparation of carbon nanoelectrodes was described in detail elsewhere. [11,13] Briefly, 

quartz capillaries (Sutter Instruments) with an inner diameter of 0.9 mm and an outer 

diameter of 1.2 mm were pulled to nanopipettes using a P-2000 laser puller (Sutter 

Instruments). Typical parameters were Heat 680, Filament 4, Velocity 45, Delay 130 and Pull 

120. The formed nanopipettes were connected to a butane/propane (80:20) gas container 

(Campingaz) and inserted into a second quartz capillary which was under low argon flow. To 

deposit pyrolytic carbon the nanopipette was heated with a jet torch for approximately 20 s 

and allowed to cool down under the inert argon atmosphere for another 10 s. The size and 

quality of the resulting CNEs was estimated from their diffusion-limited steady-state current 

in 5 mM [Ru(NH3)6]Cl3, 0.1 M KCl solution according to the equation for disk-shaped 

microelectrodes iss = 4.64 nFcDr. Electrochemical measurements were carried out at room 

temperature using a two-electrode system with a Ag/AgCl pseudo-counter/reference 

electrode. All potentials were reported with respect to this electrode. Solutions were 

prepared with ultrapure water (SG). For etching the CNEs a VA-10 potentiostat (npi) was 

employed whereas for all other recordings an Axopatch 200B Patch Clamp amplifier (Axon 

Instruments) was employed. Modification of the prepared CNEs with Prussian Blue was 

carried out according to a procedure described elsewhere[14] with some minor 

modifications: For PB deposition 0.6 V were applied to the etched nanotip and it was dipped 

into a solution of 1 mM K3[Fe(CN)6], 1 mM FeCl3, 0.1 M KCl and 0.1 M HCl. After 5 min, it was 

cycled typically 50 times from 0.6 V to 0.3 V (100 mV/s). The activation was done in 0.1 M KCl, 

0.1 M HCl by scanning from 0.6 V to  0.4 V for usually 20 to 40 cycles (200 mV/s). The murine 

macrophage J774A.1 (American Type Culture Collection) and the human embryonic kidney 

tsa201 (Sigma-AůĚƌŝĐŚͿ ĐĞůů ůŝŶĞƐ ǁĞƌĞ ĐƵůƚƵƌĞĚ ŝŶ DƵůďĞĐĐŽ͛Ɛ ŵŽĚŝĨŝĞĚ EĂŐůĞ͛Ɛ ŵĞĚŝƵŵ 
(DMEM) (Sigma-Aldrich) supplemented with 4500 mg/L glucose, L-glutamine, sodium 

bicarbonate, sodium pyruvate, 10 % foetal bovine serum and penicillin/streptomycin at 37 °C 

under a humidified atmosphere containing 5% CO2. Penetration experiments were carried 

out at room temperature in PBS pH 7.4 on the stage of an inverted microscope (Axiovert 25C, 

Zeiss) inside of a Faraday cage. 3-AT (20 mM, Sigma-Aldrich) was added to the PBS at least 5 

min before starting the measurements. To avoid vibrations, the setup was placed on a 

damping table (TS-140, HWL Scientific Instruments). Before measuring, the cells were washed 

two times with PBS to remove the DMEM. For the penetration experiments depicted in Figure 

1 and 3, the nanosensor was fixed in a 45° angle with respect to the cell dish. A 

micromanipulator (P-853, PI) was used to change the position of the nanosensor manually 

until it touched the cell membrane. To penetrate, a voltage was applied to a piezoelement to 

induce a 2.5 5 µm movement of the nanosensor along the 45° axis with respect to the cell 

dish. For experiments studying the H2O2 uptake of macrophages, the nanosensor was fixed 

in a 30° angle to a MPC-325 micromanipulator (Sutter Instruments). For penetration, quick 

impulse-like 2 µm movements along the 30° axis were carried out with the micromanipulator. 

For cell penetration experiments n represents the number of tested individual cells. Every 

electrode was calibrated before starting a cell measurement and, if H2O2 concentrations 

were calculated, the individual sensitivities were taken into account. For the results shown in 



Figure 3, no correlation between the amount of deposited PB and the duration of observed 

current spikes during penetration experiments was found. Experiments involving extracellular 

concentrations of H2O2 were performed in the first 30 min after H2O2 addition. Cell death is 

excluded based on the cell morphology as observed in the optical microscope.  
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