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Abstract

Amplex Red is a widely used fluorogenic probe for hydrogen peroxide (H2O2) detection.
In the presence of horseradish peroxidase (HRP), it reacts with H2O2 to form fluorescent
resorufin. However, during high-voltage electric pulse treatment, fluorescence readouts
may be influenced not only by H2O2 generation but also by the medium composition,
pulse conditions, pH-dependent effects, and metal ions released as a result of electrode
corrosion. In this study, we examined how medium composition and selected metal ions
relevant to electroporation conditions, such as Fe2+, Fe3+, Al3+, and Cr6+, affect the Amplex
Red/HRP/H2O2 fluorescence signal. Fluorescence intensity differed markedly among
media, with the highest signal in phosphate-buffered saline (PBS, ~34,000 a.u.), followed by
HB1 buffer (~19,000 a.u.), cell culture medium (~9000 a.u.), and distilled water (~4100 a.u.).
To model ion-mediated interference, metal ions were added directly to the assay mixture.
All tested ions reduced fluorescence in a concentration-dependent manner. At 0.4 µM
H2O2, Fe2+ reduced fluorescence by up to 92%, Fe3+ by 60%, Al3+ by 35%, and Cr6+ by
40%. At 10 µM H2O2, the quenching effect was reduced but remained evident. In addition,
the fluorescence readout showed strong dependence on medium composition and its pH,
further demonstrating its vulnerability to the chemical environment. These findings show
that the Amplex Red assay is highly sensitive to the assay environment and metal-ion
interference. Therefore, it should not be used as a standalone, interference-free measure of
H2O2 in electroporation-related experiments without appropriate validation controls.

Keywords: Amplex Red; hydrogen peroxide; resorufin; electroporation; fluorescence
quenching; electrode corrosion; iron ions; metal-ion interference; assay interference; electric
pulse-treated media

1. Introduction
Electroporation, also referred to as electropermeabilization, is a widely used technique

in cell biology, biotechnology, and medicine for increasing cell membrane permeability by
means of short pulses of strong electric field [1,2]. In addition to membrane permeabiliza-
tion, electric pulse treatment also drives electrochemical reactions at the electrode–solution
interfaces [3,4]. These reactions may alter medium composition through pH changes, reac-
tive species formation, and dissolution of electrode material [4–8]. Pronounced spatial pH

Appl. Sci. 2026, 16, 7786 https://doi.org/10.3390/app16157786

https://crossmark.crossref.org/dialog?doi=10.3390/app16157786&domain=pdf&date_stamp=2026-08-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0008-7915-2563
https://orcid.org/0000-0002-1540-7685
https://orcid.org/0000-0002-1343-5068
https://orcid.org/0000-0003-0562-8406
https://doi.org/10.3390/app16157786


Appl. Sci. 2026, 16, 7786 2 of 18

changes may occur near the electrodes even when the change in the bulk-medium pH is
comparatively limited [6,7].

Stainless-steel electrodes are commonly used in electroporation because of their avail-
ability, mechanical stability, and low cost. Previous studies have shown that stainless-steel
electrodes are not electrochemically inert under pulsed conditions and may release metal
ions into the treated solution [4–7,9–11]. The stainless steel used in the present study
belonged to the austenitic 300 series and contained iron, chromium, nickel, manganese,
and minor amounts of other metals [12]. Such released ions may precipitate biological
macromolecules, alter the chemical properties of the medium, and interfere with analytical
readouts [13–15].

Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) is a widely used fluorogenic probe
for H2O2 detection. In the presence of horseradish peroxidase (HRP), it reacts with H2O2

in a 1:1 stoichiometric manner to form the highly fluorescent product resorufin [16]. Be-
cause of its high sensitivity, the assay is frequently used to quantify oxidative activity in
biological systems [16–18], including cell electroporation experiments [8,11]. However,
the Amplex Red/HRP/H2O2 system is not governed exclusively by H2O2 concentration.
Assay performance depends on the pH, the hydrogen peroxide concentration range, and
the surrounding chemical environment, and the signal may also be distorted by reducing
substances or other interfering species [19,20].

In the context of electroporation, this raises an important methodological concern. A
decrease in Amplex Red fluorescence in pulse-treated samples may reflect a lower apparent
signal but not necessarily a lower H2O2 concentration. It may also arise from interference
caused by medium composition or by metal ions associated with electrode corrosion. Al-
though such effects are plausible, systematic data obtained under electroporation-relevant
conditions have remained limited.

The aim of the present study was to examine how pulse-treatment conditions, medium
electrical conductivity and composition, selected metal ions relevant to electroporation,
and pH-related effects influence the Amplex Red/HRP/H2O2 fluorescence readout and to
evaluate the implications of these factors for the reliability of hydrogen peroxide detection
in pulse-treated systems.

2. Materials and Methods
2.1. Reagents, Media, and Buffer Solutions

Amplex Red reagent (N-acetyl-3,7-dihydroxyphenoxazine, lot 13489098) and horseradish
peroxidase (HRP, lot 1138650A) were obtained from Invitrogen/Thermo Fisher Sci-
entific (Waltham, MA, USA). Ferric chloride (FeCl3), ferrous chloride tetrahydrate
(FeCl2·4H2O), aluminum chloride hexahydrate (AlCl3·6H2O), potassium dichromate
(K2Cr2O7), phosphate-buffered saline (PBS, 10× solution, pH 7.2–7.6 at 25 ◦C, cat. no.
P5493-1L), sodium chloride, and other analytical-grade chemicals were purchased from
Sigma-Aldrich Chemie (Steinheim, Germany). The 10× PBS contained 1.37 M NaCl, 27 mM
KCl, 100 mM Na2HPO4, and 18 mM KH2PO4. Before use, it was diluted tenfold with ultra-
pure water to obtain 1× PBS containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
1.8 mM KH2PO4.

HB1 buffer was prepared to contain 136 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM
CaCl2, 10 mM HEPES, and 10 mM glucose, adjusted to pH 7.4. Complete cell culture
medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM, cat. no. D5546, Sigma-
Aldrich Chemie, Steinheim, Germany) supplemented with 9% fetal bovine serum, 1%
L-glutamine solution, 100 U/mL penicillin, and 100 µg/mL streptomycin. Distilled water
was used as a low-ionic-strength and low-conductivity control medium.
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A concentrated Amplex Red stock solution was prepared and protected from light. A
fresh Amplex Red/HRP working solution was prepared before each experiment by diluting
the Amplex Red stock solution in the corresponding assay medium and adding HRP to
the same solution. The Amplex Red/HRP working solution added to the microplate wells
containing 100 µM Amplex Red and 0.2 U/mL HRP, resulting in final assay concentrations
of 50 µM Amplex Red and 0.1 U/mL HRP after mixing with the remaining reaction
components. All Amplex Red-containing solutions were protected from light, prepared
freshly on the day of each experiment, and maintained at room temperature.

2.2. Electric Pulse Treatment and Electrode Specifications

Electric pulse treatment was performed to simulate electroporation-related conditions.
For pulse-exposure experiments, 50 µL aliquots of test medium or Amplex Red/HRP-
containing medium were placed between two flat parallel stainless-steel electrodes sepa-
rated by a 2 mm gap. The electrodes were prepared from stainless-steel plates measuring
50 mm × 10 mm × 1 mm. The stainless steel used for the electrodes consisted mainly
of iron, chromium, nickel, manganese, titanium, cobalt, copper, and molybdenum and
corresponded to an austenitic 300-series stainless steel [12].

Square-wave electric pulses were applied using a BTX ECM 2001 Electro Cell Ma-
nipulator (Harvard Apparatus, Holliston, MA, USA). Depending on the experiment, the
pulse duration ranged from 0.1 to 2 ms and the pulse amplitude ranged from 40 to 400 V,
corresponding to electric field strengths of 0.2–2.0 kV/cm. Pulse shape and parameters
were monitored using a TBS 1072B-EDU oscilloscope (Tektronix U.K. Ltd., Berkshire,
UK). After pulse application, treated samples were collected immediately and used for
fluorescence measurements.

For direct metal-ion addition experiments, the pulse-treatment step was omitted in or-
der to isolate the effect of selected metal ions on the Amplex Red/HRP/H2O2 fluorescence
readout independently of pulse-induced electrochemical reactions.

2.3. Amplex Red Fluorescence Assays

Fluorescence assays were performed to evaluate the influence of medium composition,
electric pulse exposure, pulse parameters, pH conditions, and electrode-relevant metal
ions on the Amplex Red/HRP fluorescence readout. Reactions were performed in black
96-well plates using freshly prepared Amplex Red/HRP working solution, and fluorescence
intensity was measured immediately at room temperature using a spectrofluorimeter
Genios Pro (Tecan Austria GmbH, Salzburg, Austria). Excitation and emission wavelengths
were 535 nm and 590 nm, respectively. Experiments were performed on three separate days
using freshly prepared media and reagents.

To evaluate the effect of medium composition on the Amplex Red/HRP/H2O2 assay,
reaction mixtures were prepared in PBS, HB1 buffer, complete DMEM, or distilled water.
Each well contained 10 µL of H2O2 solution, 40 µL of the respective medium, and 50 µL
of Amplex Red/HRP working solution, giving a final volume of 100 µL. The final assay
concentrations were 0.4 µM H2O2, 50 µM Amplex Red, and 0.1 U/mL HRP.

To evaluate fluorescence formation after electric pulse treatment in different me-
dia, Amplex Red/HRP-containing solutions were prepared in PBS, HB1 buffer, com-
plete DMEM, or distilled water. For each condition, 50 µL of the corresponding Amplex
Red/HRP-containing medium was placed between stainless-steel electrodes and exposed
to 1 or 3 rectangular electric pulses of 100 V amplitude and 2 ms duration. Non-pulsed
samples served as controls. Immediately after treatment, samples were transferred to a
96-well plate, and fluorescence intensity was measured.

https://doi.org/10.3390/app16157786

https://doi.org/10.3390/app16157786


Appl. Sci. 2026, 16, 7786 4 of 18

To examine the effect of pulse parameters on the Amplex Red fluorescence readout,
Amplex Red/HRP-containing medium was exposed to single rectangular electric pulses of
different amplitudes and durations. Pulse amplitudes of 100–400 V and pulse durations
of 0.5 and 2 ms were applied, and fluorescence was measured immediately after pulse
treatment. This experiment was used to determine whether an increasing electrical load
produced a monotonic increase in fluorescence or whether signal suppression occurred
under stronger pulse conditions.

The effect of pH on the Amplex Red/HRP/H2O2 fluorescence response was assessed
using pH-adjusted citrate, phosphate, borate, and glycine buffer systems. H2O2 dilutions
were prepared in the corresponding pH-adjusted buffers and mixed with Amplex Red/HRP
working solution in a 1:1 ratio in 96-well plates. The final H2O2 concentrations ranged
from 0.02 to 2 µM. This experiment was performed to determine whether pH-dependent
changes in the assay environment affected resorufin fluorescence formation.

For metal-ion interference experiments, Fe2+, Fe3+, Al3+, and Cr6+ solutions were
added directly to the Amplex Red/HRP/H2O2 reaction mixture. Ferric chloride and ferrous
chloride tetrahydrate were dissolved separately in distilled water to prepare Fe3+ and Fe2+

stock solutions, respectively. Aluminum chloride hexahydrate and potassium dichromate
were dissolved in 0.9% NaCl to prepare Al3+ and Cr6+ stock solutions. Working solutions
were then prepared freshly from these stocks to obtain the required final concentrations.

For each metal-ion assay, the wells contained 10 µL of metal-ion solution, 10 µL
of H2O2 solution, 30 µL of PBS or the corresponding assay medium, and 50 µL of Am-
plex Red/HRP working solution, giving a final reaction volume of 100 µL. Control wells
contained the corresponding vehicle solution instead of metal ions. Two final H2O2 concen-
trations were tested: 0.4 µM and 10 µM. The 10 µM H2O2 concentration was selected as
a higher peroxide-availability condition to evaluate whether metal-ion-mediated fluores-
cence suppression persists when the assay is less limited by H2O2 availability. The tested
final concentration ranges were 0.01–5.0 mM for Fe2+, Fe3+, and Al3+, and 0.1–1000 µM
for Cr6+.

2.4. Electrical Conductivity Measurement of Media

The electrical conductivity of the tested media was determined by conductometric
analysis. Measurements were performed for distilled water, HB1 buffer, PBS, and cell
culture medium using platinum electrodes. Because the exact electrode surface area and
distance between electrodes were not known, the cell constant was determined using
a 100 mM KCl standard solution. The resistance of the KCl standard and each tested
medium was measured using an LCR E7-11 conductometer, and the specific electrical
conductivity was calculated from the measured resistance and the determined cell constant.
Conductivity values were expressed as S/m.

2.5. Determination of Nickel and Chromium Release from Stainless-Steel Electrodes

To evaluate the release of nickel and chromium ions from stainless-steel electrodes
during pulse exposure, filtered sterile 0.9% NaCl solution was placed in a stainless-steel
cuvette and exposed to rectangular electric pulses of 2 ms duration. The electric field
strength was varied from 0.2 to 1.2 kV/cm. After pulse treatment, the solution was
collected from the cuvette, and nickel and chromium ion concentrations were determined by
atomic absorption spectrophotometry using a Perkin Elmer (Waltham, MA, USA) Zeeman
30/30 instrument. These measurements were performed to assess whether pulse-treated
media could contain electrode-derived contaminants at concentrations relevant to analytical
interference.
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2.6. Data Presentation and Analysis

Data are presented as averages of three independent experiments (n = 3), each per-
formed on a separate day with freshly prepared media and reagents. Fluorescence values
were expressed either as absolute fluorescence intensity or as values normalized to the cor-
responding control condition, as indicated in the figure legends. For medium-comparison
analyses, PBS was used as the reference condition and set to 100%. For metal-ion experi-
ments, fluorescence intensity was expressed relative to control wells without added metal
ions. Raw data were organized in Microsoft Excel (Microsoft Corporation, Redmond, WA,
USA), and graphs were prepared using SigmaPlot 11.0 (Systat Software Inc., San Jose,
CA, USA).

3. Results
3.1. Dependence of Fluorescence Response of the Amplex Red/HRP System on Electric Treatment
Parameters in Different Media

Recently, the formation of reactive oxygen species including hydrogen peroxide in
the medium treated with high-voltage pulses has been demonstrated [8,21]. However,
more detailed analysis on the dependence of ROS generation on the various parameters of
electric treatment is needed. Here, the formation of hydrogen peroxide in various media as
a result of the treatment with high-voltage electric pulses has been studied under various
exposure conditions. The formation of H2O2 was evaluated based on the fluorescence of
Amplex Red/HRP System [8,16].

When Amplex Red/HRP-containing media were exposed to rectangular electric pulses
with an amplitude of 100 V (electric field strength of 0.5 kV/cm) and a duration of 2 ms,
fluorescence intensity increased with increasing pulse number (Figure 1a). After one pulse,
the fluorescence signal was highest in PBS, followed by complete DMEM and HB1 buffer,
while distilled water remained close to background. After three pulses, PBS again showed
the highest fluorescence intensity, reaching approximately 4500 a.u., whereas complete
DMEM reached approximately 2000 a.u., HB1 approximately 1100–1200 a.u., and distilled
water remained very low, approximately 100 a.u.

Then the influence of pulse amplitude and pulse duration on Amplex Red fluorescence
was evaluated in distilled water. After the application of a single short pulse of 0.5 ms
duration, the fluorescence intensity increased with increasing pulse voltage (Figure 1b).
Under these conditions, the fluorescence response followed the expected monotonic order,
with higher voltage producing higher fluorescence intensity.

However, this monotonic relationship was not preserved when pulse duration was
increased to 2 ms (Figure 1b). Under the longer pulse condition, the fluorescence signal
measured after a 200 V pulse was lower than that measured after a 100 V pulse. Thus,
increasing the electrical load did not always produce a higher fluorescence response. This
non-monotonic behavior shows that fluorescence intensity did not increase proportionally
with electrical load under these conditions.

3.2. Relationship Between Medium Electrical Conductivity and Pulse-Induced Fluorescence

The intensity of electrochemical reactions during electric pulse treatment depends
strongly on electric current density, which is determined by the electrical conductivity of
the medium. Therefore, it can be expected that the intensity of the hydrogen peroxide
formation would depend on the specific conductance of each medium. To ascertain whether
this assumption is correct, the electrical conductivities of the tested media were determined
and compared with their corresponding pulse-induced fluorescence responses.
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Figure 1. Dependence of Amplex Red fluorescence intensity on electric treatment parameters in
different media. (a) Fluorescence intensity measured in PBS, HB1 buffer, complete DMEM, and
distilled water after exposure to 0 to 3 rectangular electric pulses. Markers indicate the different
media: green diamonds (PBS), black diamonds (DMEM), red squares (HB1), and magenta circles
(H2O2). Pulse parameters were an amplitude of 100 V and a duration of 2 ms. (b) Dependence
of Amplex Red fluorescence intensity on pulse duration and pulse amplitude in distilled water.
Fluorescence was measured after application of single rectangular electric pulses at different voltages
and pulse durations. The figure illustrates the appearance of non-monotonic signal behavior under
higher electrical load. Media contained Amplex Red and horseradish peroxidase during pulse
treatment. Values are presented as means ± SD of three independent experiments (n = 3).

PBS and HB1 buffer showed the highest conductivities: 0.865 S/m and 0.678 S/m,
respectively. The conductivity of complete DMEM was considerably lower, 0.169 S/m,
whereas distilled water showed the lowest conductivity, 2.52 × 10−3 S/m. To allow direct
comparison between conductivity and fluorescence responses, conductivity values for
all media were normalized to the one of PBS, which was set as 100% (Figure 2a). The
normalized electrical conductivities of HB1, complete DMEM, and distilled water were
78.4%, 19.5%, and 0.3% of the PBS value, respectively (Figure 2a).

For the direct comparison of pulse-induced fluorescence (Figure 1a) with electrical
conductivities of media (Figure 2a), the responses of Amplex Red/HRP/H2O2 system
in each medium were normalized to the corresponding PBS fluorescence value obtained
under the same pulse conditions. Thus, the two bars shown for HB1 buffer, complete
DMEM, and distilled water in Figure 2b represent the relative fluorescence intensities after
one and three pulses, respectively.

Comparison of Figure 1a,b showed that the conductivity pattern followed the pulse-
induced fluorescence trend, with PBS and HB1 being more conductive than complete
DMEM and distilled water. After one pulse, HB1, complete DMEM, and distilled water
retained approximately 41.2%, 64.7%, and 3.7% of the PBS fluorescence signal, respectively
(Figure 2b). After three pulses, the corresponding values were approximately 25.8%, 44.6%,
and 2.5% (Figure 2b).

However, the correspondence was incomplete. HB1 had a conductivity relatively close
to PBS but produced markedly lower fluorescence. In addition, the fluorescence differ-
ences between media were more pronounced than would be expected from conductivity
alone. These results indicate that: (i) both the standard H2O2 calibration response and the
pulse-induced fluorescence response are strongly medium dependent and (ii) despite that
electrical conductivity of the medium is one of the main factors determining the intensity
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of the pulse-induced fluorescence of Amplex Red/HRP/H2O2 system, it does not fully
explain the medium-dependent differences in the Amplex Red readout.

 
(a) (b) 

Figure 2. Comparison between relative medium electrical conductivity and relative resorufin fluo-
rescence intensity. (a) Electrical conductivities of the tested media normalized to PBS. (b) Resorufin
fluorescence intensities normalized to the corresponding PBS value. In panel (b), the two bars for
HB1, cell culture medium, and distilled water represent the relative fluorescence after one and three
rectangular electric pulses, respectively. Pulse parameters were 100 V amplitude and 2 ms duration.
The figure illustrates that conductivity alone does not fully account for the fluorescence response
observed in different media.

3.3. Medium-Dependent Fluorescence Response of the Amplex Red/HRP/H2O2 System

To check whether the fluorescence response of the Amplex Red/HRP/H2O2 system
depends on the medium used, it was evaluated in PBS, HB1 buffer, complete DMEM,
and distilled water using exogenously added H2O2. As shown in Figure 3, fluorescence
intensity increased with increasing H2O2 concentration in all tested media. However, the
absolute fluorescence response differed markedly among media despite identical nominal
H2O2 concentrations.

Figure 3. Fluorescence response of the Amplex Red/HRP/H2O2 system in PBS, HB1 buffer, complete
DMEM, and distilled water as a function of H2O2 concentration. Reaction mixtures contained Amplex
Red, horseradish peroxidase, and the indicated concentrations of H2O2.

At the highest tested H2O2 concentration, PBS produced the strongest fluorescence
signal, reaching approximately 34,000 a.u. HB1 buffer produced a lower but still substantial
response of approximately 19,000 a.u., whereas complete DMEM reached approximately
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9000 a.u. Distilled water produced the weakest response, approximately 4100 a.u. Thus,
when normalized to the PBS signal, HB1 retained approximately 55.8% of the PBS response,
while complete DMEM and distilled water retained only 26.3% and 12.0%, respectively.
These results demonstrate that the same nominal H2O2 concentration does not generate
the same Amplex Red fluorescence output in different media.

3.4. Nickel and Chromium Release from Stainless-Steel Electrodes During Pulse Exposure

When stainless-steel electrodes are used, ferric and/or ferrous, chromium, nickel, and
manganese ions are released from the anode into the solution and concentrations of iron
ions have been determined in a number of cell electroporation experiments [5,6,9,12,13].
Meanwhile, concentrations of other ions are rarely determined.

To evaluate whether pulse-treated media in our experiments may also contain nickel
and chromium ions released from stainless-steel electrodes, their concentrations were
determined after pulse exposure. Filtered sterile 0.9% NaCl solution was exposed to a
rectangular electric pulse of 2 ms duration at voltages ranging from 40 V to 240 V corre-
sponding to electric field strengths ranging from 0.2 to 1.2 kV/cm. After pulse treatment,
metal-ion concentrations were determined by atomic absorption spectrophotometry. Nickel
and chromium were selected because they are characteristic alloying elements of austenitic
stainless steel and therefore serve as specific indicators of electrode dissolution during
pulse exposure.

Both nickel and chromium ions were detected in the medium after pulse exposure,
and their concentrations increased with increasing electric field strength (Figure 4). At
0.8 kV/cm and 2 ms, nickel ion concentration reached approximately 0.05 mM, whereas
chromium ion concentration reached approximately 0.04 mM. These results confirm that
besides iron ions stainless-steel electrodes can also release nickel an chromium ions into the
surrounding medium during electric pulse treatment.

Figure 4. Concentrations of nickel and chromium ions released from stainless steel electrodes into
the electroporation medium as a function of electric field strength during a 2 ms rectangular pulse.
Metal-ion concentrations were determined by atomic absorption spectrophotometry in 0.9% NaCl
after pulse exposure.
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https://doi.org/10.3390/app16157786


Appl. Sci. 2026, 16, 7786 9 of 18

3.5. Metal-Ion-Mediated Fluorescence Suppression at Low H2O2 Concentration

The direct effects of electrode-relevant metal ions on the Amplex Red/HRP/H2O2

fluorescence readout were first evaluated at the low H2O2 concentration of 0.4 µM. Under
these conditions, all tested ions reduced the fluorescence signal, although the magnitude
of suppression differed substantially among ions. Al3+ was included because the elec-
trodes made of aluminum alloy are used in many comercially available electroporation
cuvettes [22], while it is known that aluminum ions can be released from both the anode
and the cathode as a result of the exposure of cuvettes to high-voltage pulses [4,6,14]. This
makes Al3+ relevant to the evaluation of electrode-associated fluorescence interference.

Fe2+ produced the strongest concentration-dependent reduction in fluorescence. The
signal decreased by approximately 45% at 0.1 mM Fe2+, by approximately 78% at 1 mM
Fe2+, and by up to 92% at 5 mM Fe2+ compared with control wells without added metal ions
(Figure 5a). Fe3+ also reduced fluorescence, although less strongly than Fe2+, producing
approximately 20% reduction at 0.1 mM and up to 60% reduction at the highest tested
concentration (Figure 5b).

Figure 5. Concentration-dependent effects of Fe2+, Fe3+, Al3+, and Cr6+ on Amplex Red fluorescence
at low H2O2 concentration. Fluorescence intensity is expressed as a percentage of the corresponding
control without added metal ions. The final H2O2 concentration was 0.4 µM. Values are presented as
means ± SD of three independent experiments (n = 3). (a) Fe2+; (b) Fe3+; (c) Al3+; (d) Cr6+.

Al3+ and Cr6+ produced weaker but still evident suppressive effects on fluorescence.
Al3+ reduced fluorescence by approximately 35% at the highest concentration shown
(Figure 5c), whereas Cr6+ reduced fluorescence by approximately 40% (Figure 5d). Thus,
at low H2O2 concentration, the apparent strength of fluorescence suppression followed
the order Fe2+ > Fe3+ > Cr6+ ≈ Al3+. These results show that several electrode-relevant
metal ions can distort the Amplex Red fluorescence readout, with iron ions producing the
strongest effect.
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3.6. Metal-Ion-Mediated Fluorescence Suppression at High H2O2 Concentration

To determine whether metal-ion interference depends on peroxide availability, the ex-
periments were repeated at a higher H2O2 concentration of 10 µM. Under these conditions,
the relative fluorescence reduction caused by all tested ions was smaller than that observed
at 0.4 µM H2O2.

Fe2+ remained the strongest suppressor, but its maximum effect was reduced to ap-
proximately 25% fluorescence reduction (Figure 6). Fe3+, Al3+, and Cr6+ produced weaker
effects at 10 µM H2O2, generally remaining within approximately 10–20% fluorescence re-
duction at the highest tested concentrations (Figure 6). Thus, increasing H2O2 concentration
reduced the relative impact of metal-ion-mediated signal suppression.

Figure 6. Concentration-dependent effects of Fe2+, Fe3+, Al3+, and Cr6+ on Amplex Red fluorescence
at high H2O2 concentration. Fluorescence intensity is expressed as a percentage of the corresponding
control without added metal ions. The final H2O2 concentration was 10 µM. Values are presented as
means ± SD of three independent experiments (n = 3). (a) Fe2+; (b) Fe3+; (c) Al3+; (d) Cr6+.

These results indicate that ion-mediated interference is most pronounced under low-
peroxide conditions. When H2O2 was more abundant, HRP-catalyzed resorufin formation
appeared to become less vulnerable to competing suppressive processes, although interfer-
ence remained detectable.

3.7. Comparison of Maximum Fluorescence Reduction at Low and High H2O2 Concentrations

To summarize the concentration-dependent ion effects, the maximum observed flu-
orescence reductions caused by each ion were compared at 0.4 µM and 10 µM H2O2. At
0.4 µM H2O2, the maximum reductions were approximately 92% for Fe2+, 60% for Fe3+,
40% for Cr6+, and 35% for Al3+. At 10 µM H2O2, the maximum reductions were lower for all
ions, with Fe2+ causing approximately 25% reduction and Fe3+, Al3+, and Cr6+ remaining
within the range of approximately 10–20% (Figure 7).

This comparison confirms that the Amplex Red fluorescence readout is especially
vulnerable to metal-ion-mediated suppression when peroxide concentration is low. There-
fore, ion interference may be particularly important in electroporation-related experiments
where H2O2 formation is expected to be modest or localized.
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Figure 7. Maximum observed reduction in Amplex Red fluorescence caused by selected metal ions at
two H2O2 concentrations. Bars show the highest reduction in fluorescence observed for Fe2+, Fe3+,
Al3+, and Cr6+ at 0.4 µM and 10 µM H2O2 under the tested conditions.

3.8. Effect of pH and Buffer System on the Amplex Red Readout

The effect of pH and buffer system on the Amplex Red fluorescence response was
evaluated using pH-adjusted citrate (pH 2–5), phosphate (pH 5–8), and borate (pH 8–9),
buffer systems. Fluorescence intensity changed substantially across the tested pH range
and depended on both pH and H2O2 concentration (Figure 8). The strongest fluorescence
responses were observed under near-neutral to mildly alkaline conditions, whereas more
acidic conditions produced lower fluorescence (Figure 8). The response also varied with
H2O2 concentration, indicating that both hydrogen peroxide availability and pH-dependent
assay chemistry contributed to the final fluorescence output.

Figure 8. Effect of pH on the fluorescence readout of the Amplex Red assay. Fluorescence measure-
ments were performed at different pH values using citrate (pH 2–5), phosphate (pH 5–8), and borate
(pH 8–9) buffer systems and H2O2 concentrations of 0.5 and 2 µM. Values represent averages of three
independent experiments.
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Moreover, large differences between fluorescence even at the same pH and H2O2

concentrations were observed when different buffer systems were used. For example, at
H2O2 concentration equal to 2 µM, the fluorescence of Amplex Red/HRP/H2O2 system
reached about 38,650 a.u. in citrate buffer with pH 5.0, while it was only about 6720
in phosphate buffer with the same pH value (Figure 8). The differences between tthe
fluorescence in phospate and borate buffer systems were not so huge but still substantial.
For example, at H2O2 concentration equal to 2 µM, the fluorescence was about 38,650 a.u.
in citrate buffer with pH 5.0, while it was only about 6720 in borate buffer respectively
(Figure 8).

These results demonstrate that the fluorescence signal of Amplex Red/HRP/H2O2

system is not determined by H2O2 concentration alone. The pH of solution and and
buffer composition are additional factors that can influence the Amplex Red/HRP/H2O2

fluorescence readout.

4. Discussion
The present study examined how electric pulse parameters, electrical conductiv-

ity, medium composition, pH conditions, and as well as electrode-relevant metal ions
influence the Amplex Red/HRP/H2O2 fluorescence readout under conditions relevant
to high-voltage electric pulse treatment. The results show that the assay response is
highly context-dependent.

Phosphate-buffered saline, HB1 buffer, complete DMEM, and distilled water were
treated with electrical pulses and the formation of hydrogen peroxide as a result of this
treatment was evaluated by using Amplex Red, which is a fluorogenic probe for H2O2

detection [8,16]. It turned out that the fluorescence of resorufin, which is the product of the
reaction of Amplex Red with H2O2 catalyzed by the horseradish peroxidase (HRP), depends
not only on the parameters of electric treatment, such as, pulse amplitude, duration, and
number. The intensity of fluorescence differed markedly between PBS, HB1 buffer, complete
DMEM, and distilled water (Figure 1).

Main factors affecting the fluorescence of Amplex Red/HRP/H2O2 system in electric
pulse treated media, such as, the electical conductivity of the medium, its composition and
pH and as well as various metal ions, which can be released from the electrodes during
high-voltage pulses, have been studied. Because the intensity of electrochemical reactions
during electric pulse treatment depends strongly on electric current density, which is
determined by the electrical conductivity of the medium, it was expected that the intensity
of the hydrogen peroxide formation would depend on the specific conductance of each
medium. To ascertain whether this assumption is correct, the electrical conductivities of
the tested media were determined and compared with their corresponding pulse-induced
fluorescence responses (Figure 2).

The results obtained provide some explanation for the medium-dependent pulse
responses albeit incomplete one. Electrical conductivities of the media used in this study
followed the order PBS > HB1 buffer > complete DMEM > distilled water (Figure 2a), which
broadly paralleled the pulse-induced fluorescence trend (Figure 2b). This agrees with the
expectation that electrochemical reactions at the electrode–solution interface depend on
current density and therefore on medium conductivity. However, conductivity did not fully
explain the fluorescence response. HB1 had conductivity close to PBS but produced sub-
stantially lower fluorescence, while complete DMEM also showed a response that could not
be predicted from conductivity alone. Therefore, pulse-induced Amplex Red fluorescence
reflects at least two overlapping processes: electrochemical oxidant generation during pulse
exposure and medium-dependent performance of the Amplex Red/HRP/H2O2 system.
Buffer composition, pH stability, ionic strength, peroxide-scavenging components, amino
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acids, and serum-derived constituents in complete DMEM may all contribute to the final
fluorescence output.

Even when identical nominal H2O2 concentrations were used, fluorescence intensity
differed markedly between PBS, HB1 buffer, complete DMEM, and distilled water, which
were not treated with electric pulses (Figure 3). In addition, electric pulse-treated samples
showed strong dependence on medium conductivity (Figure 2) and pulse conditions
(Figure 1), while electrode-relevant metal ions directly suppressed the apparent fluorescence
signal (Figures 5–8). These findings demonstrate that Amplex Red fluorescence in pulse-
treated media cannot be interpreted as a direct and interference-free measure of H2O2

without appropriate controls.
The medium-comparison experiments demonstrated a pronounced matrix depen-

dence of the Amplex Red/HRP/H2O2 fluorescence response, with PBS producing the
highest signal and distilled water the lowest. This finding is important because Amplex
Red-based H2O2 estimation usually relies on comparison with a calibration curve. If cali-
bration standards and experimental samples are prepared in different media, the calculated
H2O2 concentration may be substantially biased. The observed medium dependence sug-
gests that the chemical matrix affects HRP-catalyzed Amplex Red oxidation, resorufin
fluorescence, peroxide availability, or a combination of these factors. This interpretation is
consistent with previous reports showing that quantitative use of the Amplex Red assay
depends on pH, H2O2 concentration range, and reaction conditions [19] and that reducing
compounds such as NADH and reduced glutathione can interfere with the signal [23].
Komlódi et al. also showed that Amplex UltraRed-based H2O2 flux measurements can
be affected by medium-specific background fluorescence and H2O2-independent artifacts,
reinforcing the need for medium-specific controls [15].

The different fluorescence responses observed in PBS, HB1 buffer, complete DMEM,
and distilled water can be explained by the different chemical environments provided
by these media. The Amplex Red assay depends on HRP-catalyzed oxidation of Amplex
Red by H2O2 to form fluorescent resorufin; therefore, any factor that affects HRP activ-
ity, H2O2 availability, Amplex Red oxidation, or resorufin fluorescence can alter the final
signal [16,19,20,23]. PBS is a relatively simple, well-buffered salt solution and therefore
provides favorable and reproducible conditions for the HRP/Amplex Red reaction. HB1
buffer also provides buffering capacity and physiological salts, but its different ionic com-
position and the presence of glucose may alter the enzyme microenvironment, peroxide
stability, or fluorescence yield compared with PBS. Complete DMEM is substantially more
chemically complex because it contains inorganic salts, amino acids, vitamins, glucose, phe-
nol red, serum-derived proteins and other components. These constituents may scavenge
H2O2, act as reducing or redox-active species, interact with HRP, contribute to background
absorbance/fluorescence, or partially suppress resorufin fluorescence [8,23,24]. Future
studies using resorufin-spiking or post-reaction dilution controls will be needed to distin-
guish whether the lower signal in complete DMEM mainly reflects reduced HRP-mediated
Amplex Red oxidation, altered H2O2 availability, optical/background effects, or direct
effects on resorufin fluorescence. Distilled water, in contrast, has very low ionic strength
and essentially no buffering capacity, which may reduce HRP reaction efficiency and make
resorufin fluorescence more sensitive to changes in pH.

Thus, the observed order of fluorescence intensity, PBS > HB1 > complete DMEM >
distilled water, should not be interpreted as reflecting differences in the nominal H2O2

concentration alone. Instead, it indicates that the Amplex Red/HRP/H2O2 readout is
strongly matrix-dependent. This is particularly important in electric pulse experiments,
where electrochemical reactions at the electrode surface may further change local pH [25],
generate redox-active species [8], and release metal ions [4–7,9–14]. Such ions may consume
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H2O2 through Fenton-type reactions or interfere directly with Amplex Red/resorufin
fluorescence [15,26]. Therefore, medium-matched calibration curves and spike-recovery
controls are necessary when Amplex Red is used for quantitative H2O2 assessment in
electroporation-related media.

The pulse-parameter experiment provides a key methodological warning. Under
short-pulse conditions, fluorescence increased with voltage, which is consistent with the
expectation that stronger electrical input increases electrochemical activity. However, under
the longer pulse condition, the fluorescence signal no longer increased monotonically; a
stronger pulse condition produced a lower signal than a weaker pulse condition. This
signal inversion indicates that stronger electrical treatment does not necessarily result in
higher measured Amplex Red fluorescence. Possible contributors include electrode-derived
products, local pH shifts near the electrode surfaces, peroxide consumption, HRP inhi-
bition, resorufin quenching, or direct redox interactions with Amplex Red. Additional
pulse-related effects, such as gas bubble formation, local heating, electrolysis-driven acidi-
fication or alkalinization, may also contribute [6,7]. Degradation or redox conversion of
Amplex Red/resorufin at the electrode interface may additionally affect the fluorescence
response [15,19,23]. However, bulk pH was not measured immediately after each pulse con-
dition, and local pH changes near the electrodes cannot be excluded. Similar concerns have
been raised for Amplex-type assays, where fluorescence may be influenced by background
oxidation or interfering redox reactions rather than H2O2 alone [15,19,23]. Therefore, in
pulse-treated systems, a lower fluorescence signal should not automatically be interpreted
as lower H2O2 formation.

The detection of nickel and chromium ions in pulse-treated 0.9% NaCl confirms that
stainless-steel electrodes are not chemically inert under the tested pulse conditions. Both Ni
and Cr concentrations increased with electric field strength, showing that electrode-derived
contaminants can accumulate in the treated medium. This agrees with earlier studies
showing that stainless-steel electrodes can release metal ions during electroporation or
pulsed electric field exposure [5,9–11,27]. The recent study by Maček Lebar et al. provides
particularly relevant support, showing that electrode dissolution during electroporation
releases metal byproducts into the medium and that stainless-steel electrodes, especially
under longer pulse protocols, can increase iron, chromium, and nickel concentrations [26].
The present study extends this issue to analytical fluorescence measurements by showing
that electrode-relevant metal ions can directly suppress the Amplex Red/HRP/H2O2

fluorescence signal. Thus, corrosion products may lead to underestimation or distortion of
apparent H2O2 formation in pulse-treated media.

Among the tested ions, Fe2+ produced the strongest fluorescence suppression, particu-
larly at a low H2O2 concentration. At 0.4 µM H2O2, Fe2+ reduced fluorescence by up to
92%, followed by Fe3+, Cr6+, and Al3+ (Figure 7). This result is chemically plausible because
Fe2+ can react with H2O2 through Fenton reactions, consuming peroxide and generating
hydroxyl radicals [24,28]:

Fe2+ + H2O2 → Fe3+ + •HO + H2O (1)

Fe3+ + H2O2 → Fe2+ + O2 + H+ (2)

H2O2 + •OH → HO2
• + H2O (3)

In the context of the Amplex Red assay, H2O2 consumption would reduce substrate
availability for HRP-mediated resorufin formation, while secondary radical products
may further affect Amplex Red or resorufin. Although the present experiments do not
distinguish these mechanisms directly, the stronger Fe2+ effect at 0.4 µM H2O2 than at
10 µM H2O2 suggests that competition for or depletion of available H2O2 through Fenton-
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type reactions is likely an important contributor, while direct redox effects on Amplex
Red/resorufin or fluorescence quenching cannot be excluded. Fe3+ also reduced fluores-
cence, although less strongly than Fe2+, suggesting that iron-mediated interference is not
restricted to the reduced form and may involve redox cycling, complexation, or indirect
effects on assay components. The suppressive effects of Al3+ and Cr6+ were weaker but
still evident, showing that non-iron electrode-relevant ions can also distort the assay. Im-
portantly, the relative suppressive effects were lower at 10 µM H2O2 than at 0.4 µM H2O2,
indicating that low-peroxide measurements are especially vulnerable to interference.

The pH-dependent fluorescence measurements further show that the Amplex Red
readout is sensitive to the pH and buffer compositions (Figure 8). This agrees with Towne
et al., who reported that HRP-catalyzed oxidation of dihydroxyphenoxazine derivatives
depends strongly on pH and H2O2 concentration [19]. This sensitivity is particularly
relevant to electric pulse experiments because water electrolysis at electrode surfaces can
generate H+ near the anode and OH− near the cathode [7,25]. In unbuffered or weakly
buffered media, such as distilled water, these local pH shifts may substantially alter the
assay environment. Even in buffered media, the local pH near the electrode surface
may deviate from the bulk pH during pulse exposure [25]. Therefore, pH and buffer
capacity provide an additional explanation for why conductivity alone does not predict the
fluorescence response across media.

In addition, the appearance of the ions of iron and aluminum in the medium changes its
pH. This is because these ions behave as a Lewis acid and undergo spontaneous hydrolysis
reactions, e.g., [12]:

Fe2+ + nH2O ↔ Fe(OH)n
3−n+ + nH+. (4)

Because the fluorescence of Amplex Red/HRP/H2O2 system strongly depends on the
medium pH (the lower the pH the weaker fluorescence is), appearance of iron or aluminum
ions in the medium leads to the reduction of the fluorescence not only because H2O2 can be
consumed as a result of Fenton reactions but because of decrease in the medium pH caused
by these ions.

The present findings do not mean that Amplex Red is unsuitable for electroporation
studies. Amplex Red and related ADPH-based systems remain useful for ROS-responsive
fluorescence detection, as illustrated by their continued use in biological imaging and
controlled analytical systems [17,18]. However, the present data show that in pulse-treated
media, Amplex Red fluorescence cannot be treated as an interference-free standalone
measure of H2O2. For reliable use of the assay in electroporation-related experiments,
several controls are necessary. First, calibration curves should be prepared in the same
medium as the experimental samples. Second, spike-recovery experiments should be
performed to determine whether known H2O2 additions are recovered accurately after
pulse exposure. Third, metal-ion controls should be included when stainless-steel or other
dissolvable electrodes are used. Fourth, pH and conductivity should be monitored or
controlled, particularly in weakly buffered media. Fifth, where quantitative hydrogen per-
oxide determination is required, Amplex Red fluorescence should ideally be supported by
complementary approaches, such as catalase controls, electrochemical H2O2 detection [29],
or other orthogonal ROS-detection methods [30]. For practical H2O2 measurements in elec-
troporated cell suspensions prepared in complete DMEM using stainless-steel electrodes,
we consider the minimum control set to include medium-matched H2O2 calibration, non-
pulsed cell-containing controls, pulse-treated medium-only controls, H2O2 spike-recovery
controls under the same medium/electrode conditions, and catalase-treated controls to
confirm H2O2-dependent signal contribution.

Several limitations should be acknowledged. The present experiments do not dis-
tinguish between direct quenching of resorufin fluorescence, Fenton-mediated H2O2 con-
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sumption, HRP inhibition, and degradation of Amplex Red or resorufin by secondary
radicals. Mechanistic experiments using pre-formed resorufin would help clarify whether
metal ions suppress fluorescence by quenching the fluorescent product directly or by in-
terfering with its formation. Because chromium release was detected from stainless-steel
electrodes [9], Cr6+ was included in the present interference experiment as a soluble and
chemically well-defined chromium-containing redox-active model species to assess whether
chromium-related compounds may interfere with the Amplex Red/HRP/H2O2 readout.
Chromium speciation in pulse-treated media may vary depending on electrode material,
pulse parameters, pH, oxygen availability, and medium composition [9–11]. Because Cr3+

differs from Cr6+ in solubility, hydrolysis, complexation, and precipitation behavior, espe-
cially in phosphate- or protein-containing media [31], its effect on the assay may differ and
would require separate controlled experiments.

In addition, although Ni and Cr release from stainless-steel electrodes was detected,
Ni2+ was not directly tested in the Amplex Red assay. Furthermore, the present study
evaluated metal ions individually and did not examine mixed-ion systems, although
pulse-treated media may contain several electrode-derived ions simultaneously, and these
mixtures may produce additive, antagonistic, or synergistic effects on the fluorescence
readout. Therefore, future studies should evaluate mixed-ion combinations that more
closely reproduce the chemical composition of pulse-treated electroporation media. The
tested metal-ion concentrations, particularly for iron, also exceed the bulk concentrations
typically measured after pulse exposure [4,5,9,12], although localized concentrations near
the electrode surface may be higher. Finally, the pH experiments were performed in buffer
systems rather than during real-time pulse exposure, so the combined effects of pulse-
induced pH shifts, metal-ion release, and Amplex Red chemistry remain to be investigated.

In summary, the Amplex Red/HRP/H2O2 fluorescence readout in electroporation-
relevant systems is shaped by multiple interacting factors, including medium composi-
tion, conductivity, pulse parameters, pH/buffer conditions, and electrode-derived metal
ions. The practical implication is that Amplex Red should not be used as a standalone,
interference-free H2O2 probe in pulse-treated media. Instead, the fluorescence signal should
be interpreted as an assay-dependent readout that requires appropriate medium-specific,
pulse-condition, pH, and metal-ion controls.

5. Conclusions
This study demonstrates that the Amplex Red/HRP/H2O2 fluorescence readout is

strongly influenced by the chemical environment under conditions relevant to high-voltage
electric pulse treatment. Medium composition, conductivity, pulse parameters, pH, and
electrode-relevant metal ions all affected the measured fluorescence signal. Notably, the
fluorescence response is not always proportional to the applied pulse conditions, indicating
that stronger electrical treatment does not necessarily result in higher measured Amplex
Red fluorescence. Fe2+ and Fe3+ produced the strongest fluorescence suppression, especially
at low H2O2 concentration, while Al3+ and Cr6+ showed weaker but still detectable effects.
These findings indicate that Amplex Red fluorescence in pulse-treated systems should
not be interpreted as an interference-free quantitative measure of H2O2. For reliable
application in electroporation-related experiments, the assay should be supported by
medium-matched calibration, spike-recovery experiments, metal-ion controls, and, where
necessary, complementary validation approaches.
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