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ABSTRACT
Free radicals play a pivotal role in cell physiology as “gaseous messengers/transmitters.” The radical superoxide (O2

⋅−) and H2O2 molecules are
called Reactive Oxygen Species (ROS); nitric oxide and peroxynitrite are named Reactive Nitrogen Species (RNS). All these species constitute
an integrated cellular signaling system. ROS and RNS act on cell proliferation, differentiation, migration, and apoptosis, thus becoming
potential anticancer drugs. Because of their chemical instability and short half-life, they cannot be used directly. In this work, we describe an
original methodology to produce an aqueous mixture of reactive oxygen and nitrogen species (RONS) in which the gas transmitter molecules
derived from the dioxygen and nitrogen oxide have sufficient chemical stability, suitable for in vitro studies of cell physiology. This technique
is based on the generation of an electron beam obtained through an inverse sputtering electron device. The result is a gaseous mixture
of allotropes of both oxygen and nitrogen in trace amounts, later dissolved in an aqueous phase. This mixture is defined either with the
acronym OPL R⃝ (Ossigeno Poliatomico Liquido) or PLO R⃝ (Polyatomic Liquid Oxygen) or OPL-RONS R⃝. We report herein the chemical
characterization of PLO. The stability of PLO makes it suitable for in vivo studies and medical applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0075895

I. INTRODUCTION

Free radicals are highly reactive chemical species, and for this
reason, they are characterized by a very short half-life. They are
made up of several atoms or just one atom with unpaired electronic
arrangement that makes them extremely reactive.

The Reactive Oxygen Species (ROS) are characterized by a
strong oxidative capacity, greater than the molecular oxygen, which
in water shows a redox potential of −0.16 V. The higher the
charge/volume ratio, the more reactive are ROS and the shorter

their half-life is. Moreover, half-life can be further reduced by pH,
temperature, and the presence of contaminants.

Many observations of cell physiology have highlighted the
importance of radicals, i.e., molecules with only one non-coupled
electron and therefore called one-electron oxidant. Radicals have
different reduction potentials. For example, the hydroxyl radical
(OH⋅) has a large reduction potential of 2.31 V (pH 7), while molec-
ular oxygen (O2) shows a potential of −0.16 V, the weak oxidative
activity essential for an efficient mitochondrial function. Molecu-
lar oxygen is the last electron acceptor in the final part of oxidative
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phosphorylation due to its favorable reduction potential compared
to water.

The radicals, for their important cellular physiological role, are
included in the group of “gaseous messengers/transmitters,”1 a group
of small gaseous molecules known for their high toxicity. They are
generated in the cells and are effectors of important physiological
actions. Some of these gaseous transmitter molecules, such as super-
oxide (O2

⋅−) and H2O2, which can act as cellular signaling agents,
come from molecular oxygen (O2), while other species come from
nitric oxide (NO).2,3 Other species, such as carbon monoxide (CO)
and hydrogen sulfide (H2S), are toxic. The radical superoxide (O2

⋅−)
and H2O2 molecules are called Reactive Oxygen Species (ROS); nitric
oxide (NO) and peroxynitrite (ONOO−)4 are named Reactive Nitro-
gen Species (RNS). All these species constitute an actual integrated
cellular signaling system.

ROS and RNS act on cell proliferation, differentiation, migra-
tion, and apoptosis, thus becoming potential anticancer drugs.

Gas transmitters act only when they are dissolved in biologi-
cal fluids. Because of their chemical instability and short half-life,
they cannot be used directly,5 and their production and in vitro study
are not trivial. Recent studies have overcome the problem by using
titanium dioxide nanoparticles that, once suitably stimulated, locally
release ROS with antineoplastic activity.6

In the last 20 years, this research group studied the production
of a sterile aqueous ROS solution to be used for scientific and ther-
apeutic purposes.7 The first device produced an allotropic mixture
of oxygen and the ROS contained in the mixture delivered in bi-
distilled water through an ion-exchange semipermeable membrane.
However, the system did not allow us to obtain constant quantity
and the type of ROS for the time necessary for their scientific or
medical use. In 2017, based on past experiences, we developed a
new system that allows a stable production of reactive oxygen and
nitrogen species (RONS) (ROS + RNS).8–10 The method allows us to
obtain different types of RONS aqueous mixtures with different con-
centrations of radicals depending on the needs, which we indicate
with the acronym OPL R⃝ (Ossigeno Poliatomico Liquido) or PLO R⃝

(Polyatomic Liquid Oxygen).
This study describes this new methodology to produce ROS and

RNS, and their chemical characterization in aqueous solution. The
RONS mixtures had a suitable stability for in vitro studies and for
possible medical applications.

II. MATERIALS AND METHODS
A. Generation of PLO

The PLO generation system is based on DMe, a device
developed by Istituto Internazionale Barco, working with an oxy-
gen/nitrogen source and other associated products as shown in
Fig. 1(a).

The system allows and controls the generation of an allotropic
mixture and RONS (highly reactive oxygen and nitrogen species).
Within the inverse sputtering electron generator,10 the emission of
electrons by the thallium cathode8 occurs when the gaseous mixture
is introduced into the sputtering chamber. Depending on the per-
centages of allotropes of oxygen and/or nitrogen introduced into the
ionization chamber, different types of OPL with different concen-
trations of ROS or RNS may be generated. The inverse sputtering
electron device, which is conventionally used to hit target materials

with positive ions, has been modified to hit the gaseous mixture with
released sputtering electrons. The oxygen concentrator is a medical
device, EverFloTM by Respironics Deutch, by Philips, which pro-
duces concentrated oxygen from room air. The oxygen from the air
is concentrated using a molecular sieve and a pressure swing adsorp-
tion process. However, the PLO generator system is also compatible
with a cylinder containing medical oxygen equipped with a pres-
sure switch to regulate the entry pressure of medical oxygen into the
DMe. The adduction kit, model 1000130/1000169 by Emotec, is the
circuit where the phase transformation of oxygen takes place from
medical gas to stable liquid, thanks to the supply of medicinal water
from an external tank, becoming OPL.

Oxygen atoms are defined as “degenerate” because they are
characterized by two unpaired electrons with parallel spin, posi-
tioned on two different orbitals (π∗2p). These species undergo
reductive phenomena, accepting sputtering electrons and form-
ing ROS and RNS. There are different types of plasma sputtering
devices, and the diode technology types are the more suited for
production of ROS. It is important to underline that during the
sputtering process, the relaxation of the excited species leads to
the generation of UV–visible radiation; instead, the cathode and
the anode during the bombardment of ions and fast electrons emit
x rays, and thus, the system must be adequately shielded and chilled
down.9

The potential difference between the negatively charged cath-
ode and the positively charged anode accelerates the “free” electrons
hitting oxygen atoms. They reduce oxygen to ROS. The low oper-
ating temperatures and the effectiveness of the electron bombard-
ment of the gaseous oxygen mixture produce plasma-ROS rich in
superoxide anions.

Then, the plasma-ROS crosses the DMe device at a pressure of
1–2 bars, reaching the sampling valve or the ion-exchange semiper-
meable membrane filter, which blocks impurities and positively
charged molecules, allowing RONS to pass to diffuse in bi-distilled
water at 2–3 μs/cm. The filter, Hemoflow F5HPS, manufactured by
Fresenius Medical Care AG, is an ion-exchange filter and is used
as an interface between DMe and the liquid. Figure 1(b) shows a
schematic of the apparatus for the on-line sampling and analyt-
ical detection of the species formed during the process. Medical
bi-distilled water was employed for this purpose.

B. Chemical characterization of PLO
The allotropic mixture OPL has been characterized using dif-

ferent methodologies:

(i) Spectroscopic and spectrofluorimetric analysis of RONS using
suitable chromophore probes.

(ii) Ion chromatographic analysis.
(iii) Online UV spectroscopic and conductimetric analysis.

The following probes and methods have been employed to
study the reactive species present in OPL.

(a) S36002-Singlet Oxygen Sensor Green (Life Technologies,
Thermo Fisher Scientific, US). This probe is selective for the
detection of singlet oxygen. Singlet Oxygen Sensor Green is
specific and does not give any cross reactions with OH rad-
icals or superoxide. The fluorescence of this probe changes
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FIG. 1. (a) Schematics of the apparatus to produce PLO. (b) The apparatus has been equipped for the on-line sampling and analytical detection of the species formed
during the process. PP = peristaltic pump.

from weak blue fluorescence to green in the presence of sin-
glet oxygen (λex = 504 nm; λem = 525 nm). Stock solutions
were prepared in methanol, dissolving the contents of one
100 μg vial in 660 μl of methanol to make a stock solution
of 250 μM. For sample/blank analysis, 10 μl of the stock
solution were added in 1 ml of sample or blank (2.5 μM
S36002 final concentration). The fluorescence emission spec-
trum was measured between 300 and 600 nm (λex = 488 and
λem maximum at 525). A Horiba FluoroMaxPLUS-TCSPC
was employed for all fluorescence measurements.

(b) D1168, dihydroethidium (3,8-phenanthridinediamine,
5-ethyl-5,6-dihydro-6-phenyl) (Life Technologies, Thermo
Fisher Scientific, US), or hydroethidine, was employed for the

detection of superoxide. The stock solutions were prepared
by dissolving 5 mg of D1168 in 3.17 ml of dimethyl sulfoxide
(DMSO) (5 mM final concentration). An intermediate
solution (IS) 500 μM was prepared in bi-distilled water. For
sample/blank analysis, 40 μl of IS were added in 1 ml of sam-
ple or blank (20 μM D1168 final concentration). Emission
fluorescence spectra were recorded between 300 and 700 nm
(λex = 405 and 518 nm and λem maximum at 525).

(c) M238002, MCLA-methyl-6-(4-methoxyphenyl)-3,7-
dihydroimidazo[1,2-a]pyrazin-3-one, hydrochloride (Life
Technologies, Thermo Fisher Scientific, US), was employed
for the detection of superoxide, emitting chemiluminescence
at 455 nm. Stock solutions were prepared by dissolving
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5 mg of MCLA in 3.43 ml of DMSO to get 5 mM final
concentration, and 250 μM IS was prepared in bi-distilled
water. For sample/blank analysis, 20 μl of the IS were added
in 1 ml of sample or blank (5 μM MCLA final concentration).
Chemiluminescence measurements were conducted using
a spectrofluorometer in lamp off mode. The emission
spectrum was also recorded between 300 and 600 nm (λex
= 430 nm and λem maximum at 549 nm).

(d) DAF-2 (4,5-diaminofluorescein-2) (Calbiochem, La Jolla CA,
USA) is a highly sensitive fluorescent probe for the detec-
tion of nitric oxide (NO). DAF-2 reacts rapidly with NO in
the presence of O2 to form the highly fluorescent triazolo-
fluorescein (DAF-2T; λex = 495 nm and λem = 515 nm). Stock
solutions were prepared by dissolving 1 mg of DAF in 552 μl
of DMSO to get 5 mM final concentration. A 0.5 mM IS
was prepared in bi-distilled water. For sample/blank analysis,
40 μl IS were added in 1 ml of sample or blank (20 μM DAF-2
final concentration). In the presence of NO, the signal peak
emission grows.

(e) DPPH (2,2-diphenyl-1-picrylhydrazyl) (D-9132 Sigma-
Aldrich Merck, Milan, Italy) was employed for antioxidant
assay. DPPH has a strong visible absorption band at about
517 nm. The reduction ability of antioxidants toward DPPH
is evaluated by monitoring the decrease of its absorbance
at 515–528 nm as it is converted in the corresponding
hydrazine DPPH2.11,12 Stock solutions were prepared by
dissolving 39 mg in 20 ml of methanol (5 mM final concen-
tration). For the sample/blank analysis, 30 μl of the stock
solution were added to 1.5 ml of methanol and 0.5 ml of
sample or blank (75 μM DPPH final concentration). UV–vis
measurements were performed using a PerkinElmer Lambda
25 UV/vis spectrophotometer in the 210–600 nm range.

(f) Terephthalic acid (TA) (186351, Sigma-Aldrich Merck,
Milan, Italy) was employed as a specific probe for
hydroxyl radicals.13 OH radicals convert terephthalic
acid to 2-hydroxyterephthalic acid (HTA, 752525 Aldrich
2-hydroxyterephthalic acid 97%) that is detected by fluores-
cence measurement (λex = 310 nm and λem = 425 nm). 2 mM
aqueous stock solutions of TA were prepared in 5 mM
NaOH. To quantify the OH radical concentration, a calibra-
tion curve of the HTA standard solution was employed.

(g) Cytochrome c from equine heart (C-2506, Sigma-Aldrich
Merck, Milan, Italy) was employed for the detection of super-
oxide anions. O2

−⋅ reduces the ferricytochrome derivatives to
ferricytochromes, which can be monitored by visible spec-
troscopy at 550 nm.14–16 This method is not specific for O2

−⋅,
and the bimolecular rate constant for ferricytochrome reduc-
tion is only l06 M−1 s−1. A stock solution 416 μM ferricy-
tochrome c was prepared by dissolving the protein powder in
0.2 mM EDTA and 50 mM phosphate buffer solution pH 8.5.
A suitable volume of this solution was added to PLO solutions
to get a ferricytochrome c concentration of 60 μM.

A conductimetric and UV/vis spectrophotometric detector at
240 nm (ε = 1060 M−1 cm−1) was employed for online detection
of ozone.17 Ion chromatography was employed to determine the
concentration of nitrite and nitrate in PLO solutions. A Dionex
DX-500 ion chromatograph equipped with a GP40 gradient pump

and a Rheodyne 7125 injector (25 μl sample loop) was employed.
The chromatographic separation was carried out as previously
reported.18

FTIR spectroscopy (PerkinElmer Spectrum One Spectropho-
tometer, 32 scan averaged, 4 cm−1 resolution) was employed for
the analysis of (i) the gas from the pleiotropic mixture generator-
sputtering, (ii) the HDPE (high density polyethylene) polymeric
filter employed for the active diffusion of the allotropic oxy-
gen/nitrogen mixture into the aqueous solution.

III. RESULTS
A. In-batch experiments for the chemical
characterization of PLO
1. NO, nitrite, and nitrate determination

Figure 2(a) shows the emission fluorescence spectra of DAF
in PLO (curve a) compared with blank (curve b). DAF-2 reacts
rapidly with NO in the presence of O2 to form the highly fluores-
cent compound triazolo-fluorescein (DAF-2T; λex = 495 nm and λem
= 515 nm). The fluorescence emission at 516 nm shows that PLO
contains NO radicals. Figure 2(b) shows the trend of NO radical
concentration levels in PLO using various sputtering times in the
gas phase.

Based on the calibration curve of DAF-2T (slope = 3.74 ± 0.14
and R2

= 0.9944), we calculated that the concentration of the NO
radical in PLO solutions investigated is in the 0–100 nM range,
depending on the sputtering inverse time. Figure 2(b) also shows
the nitrite and nitrate concentrations in PLO solutions, determined
using ion chromatography. Nitrite and nitrate are the final products
of NO radical oxidation.

The concentration of the NO radical decreases with the inverse
sputtering electron device times, likely because of the recombination
of the radical species. Nitrite/nitrate formation in the PLO solution
has a trend analogous to the formation of NO radicals.

A hypothesis for the formation of NO radicals and, conse-
quently, of nitrite and nitrate is related to the presence of water
vapor in the input gas into the ozone PLO generator or to the nitro-
gen dissolved in water (0.014 g/l, i.e., 0.5 mM). When water vapor is
present, larger quantities of nitrogen oxides are formed when sparks
discharge occurs.19,20 Furthermore, hydroxyl radicals are formed,
which are combined with oxygen radicals. All these reactions reduce
the capacity of the inverse sputtering electron device.21 However,
these molecules are essential for PLO biological activity.

2. pH, conductivity, and absorbance measurements
in PLO

The pH, conductivity, and the absorbance at 258 nm of PLO
solution collected in A and B sampling points [Fig. 1(b)] were mea-
sured in several batches of preliminary experiments (water flow
= 1 l/h, O2 pressure = 1 bar, 10 min inverse sputtering electron device
time, and ddp = 15.000 V). pH ranged between 5.1 ± 0.1 (the pH of
water for injections) and 3.1 ± 0.3. The conductivity increased from
0 up to 25–30 μS. The absorbance at 258 nm, characteristic of super-
oxide anions (ε = 1010 M−1 cm−1 at 260 nm),17 increased as well
from 0 up to 0.1 absorbance units.

These results are consistent with the formation of superoxide
anions in equilibrium with its protonated species and protons. It is
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FIG. 2. (a) Emission fluorescence spectra of 400 μl PLO + 20 μl 0.5 mM DAF (a
curve) compared with blank (b curve) (water flow = 1 l/h, O2 pressure = 1 bar, ddp
= 15.000 V, and 10 min inverse sputtering electron device time). (b) Concentration
levels of NO (filled circles) and NOx in PLO using various sputtering times (water
flow = 1 l/h, O2 pressure = 1 bar, and ddp = 15.000 V) (N = 3).

also known that the pKa of the HO3 radical is −2.1. The presence of
this species cannot be excluded.

Online measurements of pH were also performed by sampling
the PLO solution in the B sampling point many times during the
experiment. Figure 3 shows three representative experiments (for
each sampling, the measurements were repeated N = 3 times).

B. Chemical characterization of PLO: Online
measurements
1. UV absorption and conductivity

Online measurements of conductivity and absorbance at
210 nm of PLO solution were performed by sampling in A and
B [Fig. 1(b)] after switching on/off the PLO generator (water flow
= 1 l/h, O2 pressure = 1 bar, 10 min inverse sputtering electron device
times, [O3] = 70 μg/l, and ddp = 15.000 V). Figure 4 shows a repre-
sentative experiment with several measurements of pH [Fig. 4(a)]
and online measurements [Fig. 4(b)].

The results show that UV absorbance and conductivity have
analogous trends. However, UV absorbance at 210 nm shows a small

FIG. 3. Three representative experiments (A), (B), (C) in which the pH of the PLO
solution sampled in B was measured (N = 3 replicates for each sampling).

increase [first arrow in Fig. 4(b)] when the inverse sputtering elec-
tron device was switched on, with a delay of about 10 min due to the
dead volumes of the system. This increase takes place simultaneously
to the decrease of pH observed also in the experiments of Figs. 3
and 4(a). A second larger increase in the UV signal [second arrow
in Fig. 4(b)] took place simultaneously to a large increase in conduc-
tivity that started about 20–25 after switching on the inverse sput-
tering electron device. In correspondence with this second increase
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FIG. 4. (a) Trend of pH during the experiment after switching on/off the PLO gen-
erator (water flow = 1 l/h, O2 pressure = 1 bar, 10 min inverse sputtering electron
device time, and ddp = 15.000 V). (b) Online measurements of conductivity and
absorbance at 210 nm of PLO solution sampled.

in the UV signal and conductivity, the pH decreased to about
3 [Fig. 4(a)].

We can hypothesize the evolution of the first radical species
formed toward more absorbing species, as well as the exponential
increase in the UV absorbing species.

The inverse sputtering electron device was operated for about
50 min, and then, it was switched off. After this, the UV signal and
conductivity decreased slowly, never reaching the starting value in
the interval observed. The pH started to re-increase slowly, as well.

2. Assay of terephthalic acid (TA)
for the determination of OH radical

In order to measure the OH radicals dissolved in PLO solu-
tion, we used chemical dosimetry22 based on terephthalic acid (TA).
TA is a well-known OH scavenger, which does not react with other
radicals or compounds, such as O2

−, HO2, and H2O2. The OH rad-
ical converts TA into 2-hydroxy terephthalic acid (HTA) through
the reaction shown in Fig. 5. HTA can be detected by fluorescence
measurements.

Based on the experiments described in the previous paragraph,
we tested three PLO solutions sampled in B: (a) 30 min after switch-
ing ON the PLO generator, (b) 30 min after switching OFF the
PLO generator, and (c) 24 h after switching OFF the PLO generator

FIG. 5. Fluorescence spectrum of the PLO solutions analyzed: (a) 30 min after
switching ON the PLO generator, (b) 30 min after switching OFF the PLO
generator, and (c) 24 h after switching OFF the PLO generator.

(Fig. 5). The fluorescence intensity corresponds to a time integrated
OH radical concentration in the liquid. Based on the fluorescence
intensity at 426 nm and the calibration curve of HTA, we calculated
the approximate OH radical concentration in the PLO solutions
shown in Fig. 5: 6.7 × 10−6 (a), 4.2 × 10−6 (b), and 2.2 × 10−6M
(c). Other collateral reactions that compete with TA for OH radicals
cannot be excluded.

3. Assay of cytochrome C for the determination
of superoxide anion

Ferricytochrome c reduction assay is a classical method for
detecting the rates of superoxide formation by enzymes, cells, and
tissues. Superoxide reduces Ferricytochrome c (Fe3+-cytochrome c)
to ferricytochrome c (Fe2+-cytochrome c), and the reaction rate
constant is estimated to be ∼3 × 105 M−1 s−1 at a physiologically
relevant pH and room temperature.22 The reaction was monitored
spectrophotometrically at 550 nm,

Fe3+
− cytochrome c +O⋅−2 → Fe2+

− cytochrome c +O2. (1)

Figure 6 shows representative UV–visible spectra of the PLO
solution obtained 30 min after switching ON the PLO generator
(solution a) during the reaction with ferricytochrome c (t = 0, 5, 10,
and 15 min).

The extinction coefficient for ferricytochrome c is 0.89
× 104 M−1 cm−1, and for ferricytochrome c, it is 2.99
× 104 M−1 cm−1. Hence, ∆ε at 550 = 2.1 104 M−1 cm−1 is
used to calculate the amount of ferricytochrome c formation in
the reaction and, consequently, the concentration of superoxide
anions in the PLO solution after 30 min reaction.23 In the three PLO
solutions described in the previous paragraph, the concentration of
superoxide anions was 0.48, 0.57, and 0.16 μM in (a)–(c) solutions,
respectively.

4. DPPH antioxidant assay and detection
of superoxide anion and singlet oxygen

Figure 7 shows representative UV and fluorescence emission
spectra of blank and PLO solutions spiked with DPPH for the
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FIG. 6. Representative UV–visible spectra of the PLO solution obtained
30 min after switching ON the PLO generator (solution a) during the reaction with
ferricytochrome c [t = 0 (a), 5 (b), 10 (c), and 15 min (d curve)].

detection of antioxidant radicals (a), S36002 Singlet Oxygen Sen-
sor Green probe for the detection of singlet oxygen (b), and D1168
for the detection of superoxide anions with excitation wavelength at
405 nm (c) and 513 nm (d).

The representative results of Fig. 7(a) confirm that the PLO
solution contains radical species, among these are NO, OH, and
superoxide radicals. The results of Figs. 7(c) and 7(d) (insets) con-
firm the presence of the superoxide anion detected with the S1168
probe. Figure 7(d) shows in the PLO solution the disappearance of
an emission peak at 426 nm (λex = 513 nm) present in blank solution.
The results of Fig. 7(c) also confirm the presence of singlet oxygen.
These measurements are only qualitative. The concentration of each
species may vary depending on the operating conditions employed
to produce the PLO solution.

C. Effect of PLO solution on polymers: FTIR analysis
of high density polyethylene (HDPE) films

The results of this study evidenced the presence of several rad-
ical species in PLO solutions. Thus, the oxidating power of PLO
may, in principle, have multiple applications not only in life sci-
ences but also for the treatment of materials. Here, the effect of PLO
solutions on high density polyethylene (HDPE) is reported. This

FIG. 7. Representative UV and fluorescence emission spectra of blank and PLO solutions spiked with DPPH for the detection of antioxidant radicals (a), S36002 Singlet
Oxygen Sensor Green probe for the detection of singlet oxygen (b), and D1168 for the detection of superoxide anions with excitation wavelength at 405 nm (c) and 513 nm
(d).

AIP Advances 11, 125218 (2021); doi: 10.1063/5.0075895 11, 125218-7

© Author(s) 2021

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

approach could be important for the surface functionalization of
polymers.24

After rinsing in acetone to clean the surface, HDPE films were
analyzed before and after incubation for 3 days with the PLO solu-
tion sampled in the O3 generator at the maximum value of conduc-
tivity and absorbance at 210 nm. Figure 8 shows representative FTIR
spectra of HDPE films before and after PLO treatment.

The main changes in the FTIR spectra upon oxidation of
polyethylene films involved in the increase in the absorbance in the
1400–1180 cm−1 region associated with –C–O–C vibrations and in
the region from 800 to 1100 cm−1 mostly related to unsaturated C=C
groups and to the formation of ozonide.

To demonstrate the formation of ozonide, the HDPE treated
with the PLO solution was incubated in 0.1M HCl for 20 min in
an ultrasound bath. Figure 8(b) shows representative FTIR spec-
tra of PLO-treated HDPE films before and after the incubation in

FIG. 8. (a) Representative FTIR spectra of HDPE films before (dotted line) and
after (solid line) treatment with the PLO solution. (b) Representative FTIR spectra
of PLO-treated HDPE films before (dotted line) and after (solid line) incubation in
0.1M HCl.

TABLE I. Radical species found in PLO solutions obtained under operating conditions
optimized for this study (water flow = 1 l/h, O2 pressure = 1 bar, ddp = 15.000 V, and
2–10 min inverse sputtering electron device time).

PLO-RONS R⃝ Concentration (μM)

NO⋅ 0.03–0.1
NOx 25–130
⋅OH 2–7
O2
⋅− 0.5a

Antioxidants (DPPH) Present
Singlet oxygen Present

a30 min inverse sputtering electron device time was switched on.

0.1M HCl. The FTIR spectrum shows a clear formation of carboxylic
compounds due to the breaking of ozonide rings.

Table I summarizes the radical species found in PLO solutions
obtained under conditions optimized for this study.

IV. CONCLUSIONS
A novel methodology to produce ROS and RNS is reported.

The chemical characterization of PLO-RONS reported in this work
clearly shows that PLO solutions contain RONS: superoxide radical
anion (O2

⋅−), OH⋅ radicals, singlet oxygen, NO radical, and H2O2.
In the conditions explored, we found NO radical 0.03–0.1 μM, NOx
25–130 μM, OH radical 2–7 μM, and O2

⋅− 0.5 μM. The concen-
tration of each species can be modulated and depends on different
factors, such as inverse sputtering electron device flow rate, corona
discharge parameters, water flow rate, and storage time after PLO
production. PLO solutions may modify the polymer surface. In this
work, we have investigated high density polyethylene, finding that
this approach may be suitable for the surface functionalization of
polymers. The modulation of these parameters changes the biolog-
ical properties of the PLO solution, and it makes it versatile for
different clinical and biotechnological applications. Based on pre-
liminary experiments, the aqueous RONS mixtures for medical use
are those rich in superoxide anion (O2

⋅−).
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