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Electrochemically Enhanced Antimicrobial Action of
Plasma-Activated Poly(Vinyl Alcohol) Hydrogel Dressings

Sumyea Sabrin,* Sung-Ha Hong, Sushil Kumar KC, Jun-Seok Oh,

Ainslie L.K. Derrick-Roberts, Debabrata K. Karmokar, Habibullah Habibullah,

Robert D. Short, Bhagirath Ghimire, Robert Fitridge, and Endre J. Szili*

This paper presents and explains the principle behind anelectrochemical

method to enhance the antimicrobial action of plasma-activated hydrogel

therapy (PAHT) in the context of wound decontamination. The process

involves grounding and hydratingpoly(vinyl alcohol) (PVA) hydrogel films

during treatment with a helium (He) plasma jet. This electrochemically

enhances production of hydrogen peroxide (H2O2), which is amajor

antibacterial agent produced in the PVA hydrogel. Production of H2O2 is

shownto be electrically enhanced through electron dissociation reactions, and

through reactions associated with excited state species, metastables and

ultra-violet (UV) photolysis. H2O2 production is chemically enhanced through

the He flow of the plasma jet dehydrating the PVA hydrogel, which fuels the

electrochemical dependent reactions associated with H2O2 production. The

electrochemical process produces an unprecedented 3.4 mM of H2O2 in the

PVA hydrogel. Production of other molecules such as reactive nitrogen

species (RNS) are also enhanced by the same method. The electrochemically

enhanced PAHT is highly effective ateradicating common wound pathogens

Escherichia coli and Pseudomonas aeruginosa and mildly effective against

Staphylococcus aureus. Overall, this study shows that the new PAHT dressing

offers a promising alternative to antibiotics and silver-based dressings for

controlling infection and stimulating healing in wounds.
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1. Introduction

Chronic wound infections are a silent
pandemic threatening to become a global
healthcare crisis. The cost of managing
chronic wounds such as diabetic foot ul-
cers (DFUs) is estimated at US$17 bil-
lion per year, which is higher than USA’s
five most costly cancers[1] The challenge
is global with current prediction that by
2030 there will be 578 million people
with diabetes (36% increase from 2020),
and more than 30% of those with di-
abetes will experience an ulcer during
their lifetime and 60% of these ulcers
will become infected. This escalating prob-
lem is caused by antimicrobial resistance
(AMR) and by 2050, AMR is forecasted to
cause 10 million deaths annually result-
ing in a potential US$100 trillion shock to
the global economy[2] Increased antibiotic
use might see AMR spiral out of control
by fuelling antibiotic pollution, devastat-
ing the natural environment, and creating
major environmental reserves of AMR.[3,4]
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Unfortunately, management of chronic wounds is predomi-
nantly reliant on a limited number of options. These include low-
techmanual debridement and low-cost dressing protection, or al-
ternatively high-tech and high-cost antimicrobial dressings and
medicinal products.[5–11] All tackle only a single element of the
problem. Severe infections require systemic antibiotics and am-
putation when all else fails.
Low-temperature atmospheric-pressure plasma is emerging

as an exciting new technology to control infection and stimulate
healing of recalcitrant wounds. The benefit of plasma has been
demonstrated in clinical trials showing that plasma treatment re-
duces bacterial load in wounds[12] and stimulates healing[13] with-
out long-term adverse side-effects.[14] Therefore, plasma is un-
like any other wound treatment because of its dual action in con-
trolling infection and stimulating healing. This is most often at-
tributed to the unique and complex mixture of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), collectively
known as reactive oxygen and nitrogen species (RONS), gener-
ated by plasma.[15]

RONS are formed when the plasma effluent mixes with the
oxygen, nitrogen, and water vapor molecules in the ambient air.
The high energy plasma components in the plasma effluent, par-
ticularly high energy electrons, ions, electric field, and ultra-violet
(UV) photons, activate the air molecules forming RONS. RONS
generated by plasma in biological environments can intervene in
a myriad of signaling processes important in controlling growth
of bacteria and human cells.[12,13,16] Particularly, hydrogen perox-
ide (H2O2) and nitrogen oxides (NOx) are beneficial because of
their relatively long lifetime (days) in biological environments,
and because these molecules have both bactericidal and growth-
promoting properties important for decontaminating and heal-
ing wounds.[17–21]

Complimentary to existing plasma treatments, a new form
of plasma therapy is concurrently being developed referred to
as plasma-activated hydrogel therapy (PAHT).[22] PAHT involves
loading plasma generated RONS into a hydrogel either by treat-
ing a hydrogel directly with plasma or forming a hydrogel with
plasma treated solution. This enables the longer-lived plasma
generated molecules such as H2O2 and NOx to be stored within
the hydrogel before application to a biological target. The use
of liquid H2O2 in the clinic is commonplace. However, the use
of liquids, particularly with complex chronic wounds, can be
quite tricky, and dose is not easily controlled (which can be with
PAHT). Moreover, it has been shown that the unique chemical
composition produced by plasma is significantly more effective
at killing microorganisms than any of its single molecular com-
ponents (e.g., H2O2).

[23,24]

When the hydrogel is placed on top of a target (e.g., a wound)
the molecules are subsequently eluted from the hydrogel and
onto the target to treat the disease. PAHT is at its early stage
of investigation and could prove promising for treatment of
different diseases such as fungal infections,[24] vitiligo,[25] and
osteosarcoma.[18,22,26,27]

More recently, PAHT has been applied for decontamination of
pathogenic bacteria commonly found in wounds.[12–14] PAHT is
particularly useful for wound treatment because it can be eas-
ily integrated with clinical workflows where various dressings
are currently used to protect, decontaminate, and heal wounds.
PAHT may become a significant innovation in wound dressing

technologies because of problems faced with current state-of-
the-art silver dressings including growing concerns over silver-
induced toxicity and impaired healing.[28,29] With escalating prob-
lems of AMR, new dressing products are urgently needed. PAHT
can be considered at the frontier of emerging new wound dress-
ing products because of its potential to decontaminate and pro-
mote healing. H2O2 is particularly a useful molecule for wound
treatment because of its broad-spectrum bactericidal properties
for decontamination and because it can stimulate cell growth
for healing. However, a significant limitation of PAHT is that
it is difficult to load and retain the plasma generated molecules
(such as H2O2) in the hydrogel at concentrations high enough
to be beneficial for wound treatment. Higher RONS concentra-
tions are potentially needed to successfully decontaminate bacte-
rial biofilms commonly formed on slow healing wounds, which
have been shown to resist plasma treatments.[30–34] Biofilm resis-
tance to RONS is attributed to the bacteria releasing an antioxi-
dant defence enzyme catalase that neutralises H2O2 within the
biofilm.[34] Furthermore, higher H2O2 concentrations in the mm
range are required to stimulate healing in vivo.[18]

Previously it has been reported that concentrations of H2O2

in the range of 10–350 μm can be generated in PAHT.[27,35–37]

Whilst it is difficult to directly compare the concentrations of
RONS used in PAHT because of the different sizes of the hydro-
gels used in these studies, it is likely that higher concentrations
of topical applications of RONS in the mm range will be needed
to achieve decontamination in patients having complex wounds
and biofilm infections that enhance resistance of bacteria to anti-
septic treatments.[38,39] Therefore, it is important to develop pro-
cedures that can produce hydrogel dressings with realistic doses
of RONS and other plasma generatedmolecules relevant for clin-
ical (i.e., real patient) treatment of wounds.
This paper describes a process of activating PAHT dressings

with unprecedented high concentrations of H2O2 in the mM
range. Poly(vinyl alcohol) (PVA) is chosen for this study because
of its widespread regulatory approval for healthcare uses and
its excellent mechanical and biocompatibility properties for use
in wound dressing products.[40] In addition, the high ionic con-
ductivity of PVA promotes electrochemical reactions initiated by
plasma treatment.[41] Incorporating H2O2 into PVA would be
challenging because PVA cannot be melted below ≈ 200 °C that
is likely to degrade H2O2 because it is heat sensitive. This can be
overcome by activating PVA with plasma, which has additional
advantages of being a dry process (suited to the clinic) and that
H2O2 is generated “on demand” by the plasma and the amount
generated is controlled by the plasma treatment time.The process
involves incorporating the hydrogel into the electrical circuit of a
plasma jet in a humidified atmosphere that enhances H2O2 pro-
duction through electron dissociation reactions and UV photol-
ysis. The paper focuses on the physics and chemistry underpin-
ning the new treatment procedure and its benefits in treatment
of common bacterial pathogens present in wounds.

2. Experimental Section

2.1. Fabrication of Poly(Vinyl Alcohol) (PVA) Hydrogel

The hydrogel was prepared from PVA powder (Catalogue num-
ber: 9002-89-5, Sigma-Aldrich Corporation). The PVA powder
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Figure 1. Experimental set-up used to activate the PVA hydrogels with a helium plasma jet. Part of this image was created with biorender.com, and
bioiconics.com.

was mixed with clinical grade irrigation water (IW, Model num-
ber: AHF7114 – Baxter) to a concentration of 8% (w/v). This per-
centage of PVAwas determined to be optimal for PAHT (in terms
of structural integrity and RONS loading) based on preliminary
studies. The mixture was heated to 200 °C for 2 h on a hot plate
with constant stirring using amagnetic stirring bar until the PVA
powder was completely dissolved. Afterward, 5 mL of the mix-
ture was dispensed into a 60 mm diameter polystyrene petri dish
and incubated overnight in the freezer at −18 °C to crosslink the
gel. The frozen mixture was then allowed to defrost at ambient
room temperature. This procedure produced a PVA hydrogel of
≈1 mm thickness. A biopsy punch (Acu-Punch Biopsy Punch,
EBOS, Kingsgrove, NSW, Australia) was used to cut 10 mm di-
ameter discs of the PVA hydrogel for experiments.

2.2. Plasma Treatment of PVA Hydrogel

The plasma jet experimental set-up used to treat the PVA hydro-
gels is shown in Figure 1. The plasma jet assembly consisted of
a 110 mm long silica tube with an inner diameter of 2 mm and
outer diameter of 6 mm tapered at the orifice to 200 μm. A 7 mm
long hollow copper electrode wrapped around the silica tube at
distance of 45 mm from the tube’s orifice served as the high volt-
age (HV) electrode.
The PVA hydrogel was positioned above an aluminum (Al)

plate 9 mm from the orifice of the silica tube so that the plasma
plume remained in contact with it during treatment. The PVA
hydrogel was kept at floating potential or grounded by either dis-
connecting the Al plate from ground or connecting to a grounded
wire, respectively. A helium (He) plasma jet was ignited by purg-

ing 0.5 standard liters per minute (SLPM) He gas through the
silica tubewith a digitalmass flow controller (Model number: AX-
MC-2SLPM-D/5M, Apex) and applying 9 kVp-p at 30 kHz to the
HV electrode with a high voltage power supply (Model number:
PVM500, Information Unlimited), as previously described.[42–46]

Different combinations of plasma treatments were performed
with the PVA hydrogel at floating potential or grounded with
and without additional hydration by pipetting 40 μL of IW on top
of the PVA hydrogel at regular 1 min intervals throughout the
treatment as listed in Table 1. To understand if RONS produc-
tion in the PVA hydrogels could be electrochemically enhanced,
PVA hydrogels were activated by the He plasma jet by either plac-
ing them above the grounded Al plate or non-grounded Al plate
(i.e., at floating potential), with and without additional hydration
(Table 1). H2O2 and NO2

− were used as markers to estimate re-
lease of ROS and RNS, respectively, from the PVA hydrogels as
previously described.[47–49]

Table 1. Experimental conditions used to evaluate how production of
RONS are electrochemically enhanced in the PVA hydrogel.

PVA Ground (GND) or floating

(FLT) potential

Additional

hydration (W)

Acronym

No PVA FLT – No PVA-FLT

No PVA GND – No PVA-GND

PVA FLT – PVA-FLT

PVA FLT W PVA-FLT-W

PVA GND – PVA-GND

PVA GND W PVA-GND-W
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2.3. Plasma Treatment Characterization

2.3.1. Electrical Characterization

The electrical properties of the He plasma jet in contact with
the target grounded or at floating potential was characterized by
measuring the current-voltage signals as represented in Figure 1.
Voltage and current waveforms were measured using a HV
probe (Model number: HVP39pro, Pintek) and a current monitor
(Model number: 2877, Pearson Electronics Inc.), respectively, and
were recorded on an oscilloscope (Model number: DSO6034A,
Agilent).
Dissipated power (P) during the discharge was calculated

through the integration of current and voltage signals over one
discharge cycle as:[50]

P = f
t = T

∫
t = 0

I (t)V (t) dt (1)

Here, I(t), V(t), T, and f represents total current, voltage, time-
period, and frequency of the system, respectively. The current
peak in the rising part of the applied voltage was then used to
calculate the maximum accumulated charges (Q) as:[50]

Q =

t2

∫
t1

I (t) dt (2)

Here, t1 and t2 represents the start and end time of the dis-
charge current peak, respectively.

2.3.2. Optical Emission Characteristics

Optical emission spectra (OES) of the plasma jet were mea-
sured using an Ocean Optics HR4000CG-UV-NIR spectrometer
equipped with an optical fiber of diameter 600 μm and a colli-
mated lens at the end of the fiber tip to efficiently capture light.
The spectra were measured 9 mm below the silica tube with the
optical fiber aimed toward the plasma jet – PVA hydrogel inter-
face. The integration time of the spectrometer was set to 100 ms.
Absolute irradiance spectroscopy was utilized to measure the
photon energy density at 309 nm which also corresponds to the
emission from the hydroxyl radical (•OH). For these measure-
ments a Deuterium-halogen radiation source (DH-3 plus) was
used to calibrate the spectrometer. The absolute irradiance at a
specific wavelength (I(𝜆)) was calculated by subtracting the inten-
sity of the dark spectrum (D(𝜆)) from the intensity of the sample
spectrum (S(𝜆)). The I(𝜆) was calculated from Equation (3):[51]

I (𝜆) =
S (𝜆) − D (𝜆)

𝜏 × A × d𝜆
× C (𝜆) (3)

Here, 𝜏 is the integration time of the spectrometer (set to
100ms), A is the collection area of the cosine corrector (37mm2),
d𝜆 is the wavelength spread (1 nm), and C(𝜆) is the calibration
data at the specific wavelength provided by themanufacturer. The
photon energy density of the plasma jet was calculated by mul-
tiplying I (𝜆) in Equation (3) by the integration time of the spec-
trometer and was expressed in the unit of mJ m−2.

2.4. Measurement of Environmental Parameters

Humidity and temperature in the air 20 mm from the plasma jet
– PVA hydrogel interface were measured using humidity (Model
number: HT-3006HA, Lutron) and temperature (Model number:
HT-3006HA, Lutron) probes, respectively.

2.5. Characterization of Plasma-Treated PVA

2.5.1. Swelling Ratio

Swelling ratio of the PVA hydrogel discs was measured following
incubation in 1 mL of IW for 1, 2, 3, 4, and 24 h. Swelling ratio
was calculated from Equation (4).

Swelling ratio =
mt −m0

m0

× 100% (4)

where m0 and mt is the weight of the PVA hydrogel discs before
and after incubation in the IW, respectively.

2.5.2. Release of H2O2 and NO2
−

Plasma-treated PVA hydrogels were incubated in 600 μL IW in a
48-well plate for 3 h to study release of H2O2 and NO2

−, which
were used asmarkers for total ROS and RNS, respectively, as pre-
viously described.[51–55]

H2O2 concentration was calculated by measuring the oxida-
tion of o-phenylenediamine (OPD) mixed with horseradish per-
oxidase (HRP). In the presence ofH2O2, HRP catalyzes the oxida-
tion of OPD to form 2-3-diaminophenazine with an absorbance
maximum of 450 nm. The OPD-HRP stock was prepared by dis-
solving a tablet of OPD (Catalogue number: 9003-99-0, Sigma-
Aldrich) into 10 mL of IW. Then, 20 μL of 5 mgL−1 HRP (Cat-
alogue number: 95-54-5, Sigma-Aldrich) was added to the dis-
solved OPD. Following incubation of the PVA hydrogels in the
IW, a 100 μL aliquot was mixed with 100 μL of OPD-HRP stock in
a 96-well plate and incubated for 30 min in the dark before mea-
suring the absorbance of the solution at 450 nm in a microplate
reader (Molecular Devices, SpectraMax M2).
NO2

− concentration was calculated by measuring the oxida-
tion of Griess reagent. In the presence of NO2

−, Griess reagent
is oxidised into a diazonium salt, which readily couples with N-
(1-naphthalenediamine) to form a highly colored azo dye with
an absorbance maximum of 492 nm. A stock of Griess reagent
(Catalogue number: 6000-43-7, Sigma-Aldrich) was prepared by
dissolving 50 mg of Griess reagent per 1 mL of IW. Following in-
cubation of the PVA hydrogels in the IW, a 100 μL aliquot was
mixed with 100 μL of the Griess reagent stock in a 96-well plate
and incubated for 30 min in the dark before measuring the ab-
sorbance of the solution at 492 nm in the microplate reader.
Concentrations of H2O2 and NO2

− were calculated from cali-
brations curves (shown in Figure S1, Supporting Information).

2.5.3. pH Measurement

Following incubation of the PVA hydrogels in the IW (as de-
scribed above), a 15 μL aliquot was pipetted onto pH strips. Both

Adv. Funct. Mater. 2024, 2314345 2314345 (4 of 15) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 1
6
1
6
3
0
2
8
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

fm
.2

0
2
3
1
4
3
4
5
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

1
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



www.advancedsciencenews.com www.afm-journal.de

broad range pH1–14 (SKUnumber: PH0114-3-1V-100, Precision
Labs, Inc.) and narrow range pH 3–6 (SKU number: PH3060,
Precision Labs, Inc.) strips were used to cross-validate measure-
ments. After allowing a few seconds for the pH strip to com-
pletely wet, the excess water was shaken off and the pH recorded
using the colored chart supplied by the manufacturer.

2.5.4. Oxidation Potential

An agarose film used to mimic a physical hydrated barrier (sim-
ilar to what would be encountered by a real biological tissue tar-
get such as skin) as previously described,[51,52] was used to mon-
itor the oxidation potential of the plasma-treated PVA hydrogels.
To make the agarose film, a 2% (w/v) agarose solution was first
prepared by dissolving agarose (Catalogue number: 9012-36-6,
Sigma-Aldrich) into IW by heating in a microwave oven. A 1%
(w/v) starch solution was then made by dissolving starch (Cata-
logue number: 9005-25-B, Sigma-Aldrich Corporation) into IW
by heating the solution to boiling point on a hot plate. The so-
lution was then allowed to cool to ambient room temperature.
Potassium iodide (KI, Catalogue number: 7681-11-0, company)
was added to a concentration of 0.6% (w/v) into the cooled starch
solution. Then, 20 ml of a 50:50 mixture of the agarose and KI-
starch solutions were poured into a 90 mm petri dish. The solu-
tion was set by allowing to cool to ambient room temperature.
KI is used as an indicator of RONS. RONS oxidize KI generating
triiodide ions that form a purple-coloured product in the pres-
ence of starch that is easily visible by eye.[55] Experiments were
performed by placing the PVA hydrogel samples on top of the
agarose film for 15min before removing and visualizing the color
change on the agarose film. A darker purple color in the agarose
tissue film indicates that a higher concentration of RONS was
transferred from the PVA hydrogel.

2.6. Antimicrobial Assays

Bactericidal efficacy of the plasma-treated hydrogels was assessed
by zone of inhibition (ZOI) of bacterial lawns.[57] Gram-negative
Escherichia coli (E. coli) [ATCC 11303] and Pseudomonas aerugi-
nosa (P. aeruginosa) [PA14], and Gram-positive Staphylococcus au-
reus (S. aureus) [ATCC 25923] were used for this study. E. coli
and P. aeruginosa were grown in 5 mL Luria–Bertani broth (LB)
and S. aureus in Tryptic Soy Broth (TSB) at 37 °C in an orbital
shaker overnight. Optical densities of the inoculum were mea-
sured at 600 nm to estimate bacteria concentration. Bacteria cul-
tures were serially diluted with LB or TSB media until an optical
density (OD) at 600 nm of 0.6 was achieved, which corresponded
to a bacteria concentration of 1×108 cells mL−1 based on mea-
surements in our laboratory. LB and TSB agar plates (90 mm di-
ameter) were prepared by dissolving LB and TSB agar powder,
respectively, in Milli-Q water. The solutions were autoclaved and
allowed to cool. When the temperature cooled to ≈50°C, 20 mL
of the solution was poured into a 90mmpetri dish. After the agar
was set, the plates were stored refrigerated at 4 °C before use. The
bacteria cultures were diluted to 1×106 cells mL−1 before evenly
spreading 100 μL onto the plates and incubating at ambient room
temperature for 5 min inside a biosafety cabinet. Plasma treated

and untreated (control) PVA hydrogels were placed in the center
of the bacterial lawns. The samples were incubated statically at
37 °C for 24 h. Photographs of the plates were taken for analy-
sis. The area of the ZOI was measured with ImageJ 1.53 image
processing software (NIH, USA). ZOI values were normalized
according to Equation (5):

Normalised ZOI =
Area of the bacteria ZOI

(

mm2
)

Area of the sample (mm2)
(5)

2.7. Skin Cell Viability Assay

Human immortalized keratinocytes (HaCaTs, ATCC, Virginia,
USA) and human foreskin fibroblast (HFFs, CellBank Australia,
NSW, Australia) were maintained and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Thermo Fisher Scientific,
VIC, Australia) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS) (Thermo Fisher Scientific, VIC, Aus-
tralia), 1% (v/v) L-glutamine (200mm) (Thermo Fisher Scientific,
VIC, Australia) and 1% (v/v) penicillin/streptomycin (5000U/mL)
(Thermo Fisher Scientific, VIC, Australia). HaCaT keratinocyte
and HFF cells were passaged by trypsinization, which involved
incubation at 37 °C with trypsin−Ethylenediaminetetraacetic
acid (EDTA) (0.25% w/v in PBS) for 5 min. Trypsin was neu-
tralized by adding equal volumes of cell culture media before
transferring to a centrifuge tube and centrifuging at 1500 rpm
for 5 min. The cell pellet was resuspended in cell culture media
in preparation for counting and seeding into plates for the cell vi-
ability experiments. Cell concentration was measured by mixing
20 μL of trypan blue with a 20 μL aliquot of the cell suspension
and pipetting into cell counting slides, which were counted using
an automated cell counter (Luna-II, Logos Biosystem, South Ko-
rea). HaCaT and HFF cells were seeded at a density of 12.5×104

and 7.8×104 cells/cm2 in 96-well plates, respectively. Cells were
cultured at 37 °C in a 5% CO2 atmosphere for 24 h prior to per-
forming the cell viability experiments.
Cell viability was performed using resazurin. Metabolic prod-

ucts released from living cells convert non-fluorescent resazurin
into a fluorescent product. Plasma-treated and untreated PVA hy-
drogels were incubated in 1 mL of cell culture media for 3 h
under cell conditions. This time was sufficient to allow for re-
lease of RONS and other plasma-generated molecules from the
PVA hydrogels. This media was then used to assess the cell via-
bility response. The experiment involved first aspirating the cell
culture media from the cells that had been incubated in the 96-
well plates, washing with PBS, and then replacing with 100 μL
of the cell culture media that had been incubated with the PVA
hydrogels. The cells were then incubated for a further 24 h and
48 h before performing the cell viability experiment. To perform
the cell viability experiment, the test cell culture media was aspi-
rated from the cells and the cells were washed with PBS. Then,
a 110 μg/mL aliquot of resazurin (Thermo Fisher) diluted to
10% (v/v) in cell culture media was added to the cells and in-
cubated under cell culture conditions for 1 h. The fluorescence
was measured using the microplate reader (same model as pro-
vided above) at excitation and emission wavelengths of 555 nm
and 585 nm, respectively. The results were derived from the av-
erage of two replicates per experiment and two experimental
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Figure 2. Physical characteristics of the PVA hydrogel including a) conformability, b) stretchability, and c) swelling before and after incubation in water.
Quantified swelling ratios are also shown for the untreated PVA hydrogels (0 min) and for the plasma treated PVA hydrogels at d) floating potential
(PVA-FLT) and e) grounded (PVA-GND) with plasma treatment times of 2.5, 10, and 20 min (n = 3). * Larger sections of PVA hydrogels than used in the
experiments are shown in (a) and (b) for clarity.

repeats. Percentage of cell viability was calculated by dividing the
test cell group by the cells grown in the untreated cell culture
media.

2.8. Statistical Analysis

Statistical analysis was performed on the relevant data using an
unpaired Student t-test assuming unequal variances. A p value of
less than 0.05 was considered to be significantly different (at least
95% confidence). Data was processed using GraphPad Prism 10
software.

3. Results and Discussion

3.1. Physical Characteristics of PAHT

An 8% (w/v) PVA hydrogel was determined to be optimal as a
PAHT dressing because it could be readily activated by plasma-
generated RONSwhilst still retaining its structural integrity, con-
formability, and ability to swell. All these characteristics are ben-
eficial for a wound dressing. For example, the PVA hydrogel can
be easily conformed to a non-planar target (Figure 2a) and be
easily stretched without tearing (Figure 2b). PVA hydrogels also
readily swell as shown in Figure 2c, which can be useful for ab-
sorbing wound exudate and for promoting transfer of RONS into
the wound. Compared to untreated PVA (0 min), plasma treated
PVA hydrogels at floating potential (Figure 2d) and grounded
(Figure 2e) display similar levels of enhanced swelling. This re-
sult is attributed to the He gas flow from the plasma jet evaporat-
ing water from the entire PVA hydrogel with more evaporation
occurring at the centre (of the hydrogel) where the plasma jet
contacts its surface. Therefore, more water will evaporate from

the PVA hydrogel as the plasma treatment time is increased.
In this study, water evaporation from the PVA hydrogel ranged
from 18% for 2.5 min of plasma treatment up to 65% for the
20 min treatment. This increases the ability of the hydrogel to
swell. Swelling ratio is not affected by grounding the PVA hydro-
gel (Figure 2e,d).

3.2. Release of H2O2 and NO2
−

Figure 3a–c) shows how the plasma dissipated power, humid-
ity, and temperature, respectively, influences the concentration of
H2O2 that can be produced and subsequently released from the
plasma-treated PVA hydrogels. It is obvious that grounding the
PVA during plasma treatment enhances H2O2 release, and that
release of H2O2 is further enhanced by hydrating the PVA hydro-
gel during treatment. This treatment approach (PVA-GND-W)
results in a fivefold increase in production of H2O2 when com-
pared to the PVA hydrogel treated at floating potential (PVA-FLT).
Grounding the PVA during plasma treatment also increased the
dissipated power of the plasma discharge. The effect of ground-
ing is to promote production of high-energy components that en-
hanceH2O2 production.

[57,58,47] However, H2O2 production is not
solely controlled by dissipated power because additional hydra-
tion of the PVA further enhanced H2O2 production without sig-
nificantly increasing dissipated power (Figure 3a). In addition to
dissipated power, humidity was also found to be an important pa-
rameter because increased humidity at the plasma jet – PVA hy-
drogel interface closely correlated with increased H2O2 produc-
tion (Figure 3b). Temperature at the plasma jet – PVA hydrogel
interface was maintained below 24 °C and varied by less than 2
°C for all treatments (Figure 3c). Therefore, temperature was un-
likely to have a major impact in production of H2O2 (and other
RONS) in these experiments.
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Figure 3. Relationship of H2O2 released from the 5 min plasma-treated PVA hydrogels with a) dissipated power, b) humidity, and c) temperature, and
relationship of NO2

− released from the plasma treated PVA hydrogels with d) dissipated power, e) humidity, and f) temperature (n = 3). To clearly
illustrate the relationship between the different parameters some of the data are duplicated between insets (a) and (f). g) H2O2, and h) NO2

− release
from PVA hydrogels following plasma treatment for PVA-FLT-W and PVA-GND-W hydrogels at varying treatment times up to 20 min (n = 3). h) Also
shows the change in pH of the solution used to measure the release of NO2

−.

The concentration of NO2
− released from the plasma treated

PVA hydrogel dressings and its correlation to plasma dissipated
power and the humidity and temperature in the surrounding en-
vironment is shown in Figure 3d–f, respectively. Grounding the
PVA during plasma treatment significantly enhanced the con-
centration of NO2

− that could be subsequently released from the
hydrogel. However, hydrating the PVA hydrogel had negligible

effect on NO2
− release. Increased NO2

− release from the PVA
closely correlated with increasing dissipated power but the corre-
lation with humidity was less evident.
The next experiments were performed to analyze the maxi-

mum concentrations of H2O2 and NO2
− that could be produced

with the PVA hydrogel treated at floating potential and grounded
with regular hydration (PVA-FLT-W and PVA-GND-W) as a
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function of plasma treatment time. Plasma treatment times were
varied up to 20 min. Figure 3g shows that a significantly higher
concentration of H2O2 was released from the PVA hydrogels that
were grounded during treatment. Over 3 mm of H2O2 was re-
leased from the PVA-GND-W hydrogel treated for 20 min with
the plasma jet. This is significantly higher compared to only
0.7 mm H2O2 released from the PVA-FLT-W hydrogel that was
plasma treated for the same time. Figure 3h shows the maxi-
mum concentrations of NO2

− that could be released from the
PVA hydrogels prepared using the same conditions. Amaximum
of 275 μm NO2

− was released from the PVA-GND-W hydrogel
prepared with 10 min of plasma treatment. But PVA-GND-W
treated for longer times of 15 and 20 min released significantly
lower concentrations of NO2

−. Conversely, the trend in the con-
centration of NO2

− released from the PVA-FLT-W hydrogels in-
creased as function of treatment time. However, these PVA hy-
drogels released significantly lower concentrations of NO2

− with
a maximum release of only 52 μm for the PVA hydrogels treated
for 20min. The higher concentration of NO2

− released fromPVA
hydrogels that were grounded compared to kept at floating poten-
tial during plasma treatment can be explained by the differences
in the electrical circuits of the plasma treatment system. Ground-
ing provides a direct path for current to flow that increases the
dissipated power of the plasma discharge. This promotes produc-
tion of NO2

− through electron impact reactions, which will be
described later in Equations (15)–(17). However, NO2

− can also
react with the plasma generatedH2O2 to form peroxynitrous acid
(ONOOH) through Equation (6).[47,48,20]

NO−

2
+H2O2 + H+

→ ONOOH +H2O (6)

To understand the production of, the pH of the solutions
used to measure the release of the NO2

− was also monitored
in Figure 3h. For the PVA-FLT-W hydrogels the solution pH
plateaus to pH 5 with respect to plasma treatment time. Whereas
for the PVA-GND-W hydrogels where higher concentrations of
H2O2 and NO2

− were produced, the solution pH continues to de-
crease to pH 4. Therefore, this result suggests that NO2

− is being
consumed as more ONOOH is produced. This can explain the
negative parabolic relationship between NO2

− release and treat-
ment time for the PVA-GND-W hydrogels.

3.3. Electrochemical Enhancement of RONS Production

3.3.1. Electrical Enhancement through Grounding

Figure 4 shows the current (I) and voltage (V) waveforms of
the He plasma jet for the experimental conditions described in
Table 1. As can be seen in Figure 4a, grounding the Al plate
significantly enhances the discharge current as compared to the
PVA hydrogel kept at floating potential. This is due to the estab-
lishment of a conducting path between the high voltage and the
ground electrode. For the No PVA-GND condition, a prominent
positive current peak and small negative current peak is visible.
This corresponds to one major positive discharge and one minor
negative discharge, which is commonly seen in dielectric barrier
discharge (DBD) plasma jets.[59–61] Connecting the PVA hydro-
gel into the electrical circuit of the plasma treatment system de-

Figure 4. I–V waveforms measured for the He plasma jet with a) No PVA,
b) PVA, c) PVA-Wwith grounding (solid red curves) and floating (solid blue
curves) conditions. Applied voltage is represented by the dashed black
curve.

creases the discharge current even if the PVA is at floating po-
tential (Figure 4b). The reason for this is that the PVA hydrogel
is adding resistance between the conducting plasma jet and Al
plate in the electrical circuit.
Grounding the PVA further increases the discharge current

because it forms a direct chnannel of electron flow (Figure 4b).
From Table 2 it is clear that grounding the circuit of the plasma
treatment system without and with the inclusion of the PVA hy-
drogel, increases the maximum accumulated charges compared
to the treatment conditions at floating potential. This can be
visualized by a more intense plasma jet being produced when
the AL plate is grounded (Figure 5b) compared to when it is
disconnected from ground (Figure 5a). This result is expected
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Table 2. Electrical characteristics of the He plasma jet during treatment of
the PVA hydrogel.

Treatment

conditionsa
Maximum Accumulated

Charges [nC]

Total dissipated

power [W]

No PVA-FLT 0.22±0.01 0.48±0.01

No PVA-GND 9.67±0.19 2.88±0.06

PVA-FLT 0.18±0.01 0.39±0.02

PVA-FLT-W 0.18±0.00 0.34±0.01

PVA-GND 5.25±1.05 2.09±0.14

PVA-GND-W 7.87±0.02 2.46±0.02

a)
± represents standard error of the mean.

to correlate with a greater density of higher energy state species
in the plasma jet important for RONS production. Additional
hydration of the PVA hydrogel increases the maximum accumu-
lated charges and consequently the dissipated power when the
PVA is grounded. The reason behind this result is that additional
hydration increases the humidity due to increased evaporation
of water, enabling increased absorption and higher distribution
of the charges in the air produced by the plasma jet into the PVA
hydrogel.
A summary of the maximum accumulated charges and dis-

sipated power produced during the different treatment condi-
tions are presented in Table 2. Accumulated charges refer to the
build-up of electrical charges within the PVA hydrogel during
plasma treatment. The accumulated charges do not persist in
the PVA hydrogel after the plasma is switched off; and there-
fore, these charges will not directly impact the hydrogel’s biologi-
cal performance. Rather, the importance of accumulated charges
is to promote the electrochemical process involved in the activa-
tion of the PVA hydrogel with RONS during plasma treatment.
The amount of RONS produced in the PVA hydrogel will influ-
ence the hydrogel’s antibacterial activity. For the PVA treatments,
maximum accumulated charges of 7.87 ± 0.02 nC and dissi-
pated power of 2.46±0.02Wweremeasured for the PVA-GND-W
condition.
The high-energy state species produced by the plasma jet were

studied through OES. The optical emission spectra of the plasma
jet – PVA hydrogel interface or plasma jet – Al plate interface
in the absence of the PVA hydrogel, are shown in Figure 6. All
spectra show similar features from excited He (He*), nitrogen
(N2*), oxygen (O*), the •OH, nitric oxide gamma bands (NO𝛾),
the nitrogen second positive system (N2 SPS), and the nitro-
gen first negative system (N2 FNS), which are all labeled in the
graphs.[47,48] Many of these species are highly reactive with a
short half-life and would be extinguished within the PVA hy-

Figure 5. Photographs of the plasma jet during treatment with a) PVA-
FLT-W and b) PVA-GND-W configurations.

drogel before it is applied to the target. However, these high-
energy components of the plasma jet are responsible for trigger-
ing reactions in the gas phase that lead to the creation of down-
stream reactive species, including RONS,[64] which are formed
in the gas phase and in situ within the PVA hydrogel. For ex-
ample, during plasma jet treatment of the PVA hydrogel, the
•OH might be formed through collisional reactions with elec-
trons, metastables, and by UV photolysis, as shown in Table 3
(Equations (7)–(11)).
Recombination of the •OH molecules can subsequently pro-

duce H2O2 as shown in Equation 12.

∙OH+
∙OH → H2O2 (12)

Moreover, high-energy oxygen and nitrogen atoms pro-
duced through electron dissociation reactions, shown in Equa-
tions (13) and (14), can produce various NOx in the PVA hy-
drogel through the chemical reactions presented in Table 4
(Equations (15)–(17)).

e− + N2 → N + N + e−. (13)

e− +O2 → O +O + e−. (14)

Furthermore, the photons detected in the plasma jet between
236–380 nm have energies in the range of 5.25-3.27 eV, respec-
tively, which is sufficient to dissociate water molecules through
UV photolysis.[51] Grounding the plasma treatment system en-
hanced all the important components of the plasma jet required
for promoting production of RONS (comparing Figure 7a–c to
Figure 7d–f). This was further enhanced through addition of the
PVA hydrogel into the plasma treatment system (Figure 7b,e),
and by hydrating the PVA hydrogel (Figure 7c,f). The reason for
this is that grounding and hydrating the PVA hydrogel increases
the discharge current, accumulated charges and dissipated power
as discussed earlier. This also led to an increase in the photon en-
ergy density.
For example, the photon energy density at 309 nm correspond-

ing to the emission from the •OH (and important for produc-
ing H2O2 in the PVA hydrogel) increased from 0.3 mJ m−2 for
the PVA-FLT-W hydrogel treatment to 2.38 mJ m−2 for the PVA-
GND-W hydrogel treatment (Table 5). Table 5 also shows that
the plasma vibrational temperature (Tv) was much higher than
the plasma rotational temperature (Tr) for all treatment condi-
tions, which is indicative of the non-equilibrium nature of the
plasma jet. Without considering inelastic collisions between the
electrons and molecules, the Tv approximately equals the plasma
electron temperature (Te).

[52,67,68] This means that grounding
and hydrating the plasma jet also promoted production of high-
temperature electrons (maximum of 4400 K for PVA-GND-W in
Table 5) important for producing RONS through electron-impact
dissociation reactions as described in Equations (7)–(10). Tr re-
mained low for all conditions. This is important because Tr can
be considered the gas temperature because of the rapid rotational
relaxation through inelastic collisions between molecules and
atoms.[72] Therefore, the results show that Te can be increased
through grounding and hydrating the PVA hydrogel whilst avoid-
ing physical damage to it through gas heating.
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Figure 6. Optical emission spectra of at the plasma jet – Al plate interface or plasma jet – PVA hydrogel interface for a) No PVA-FLT, b) PVA-FLT, c)
PVA-FLT-W, d) No PVA-GND, e) PVA-GND, and f) PVA-GND-W conditions. The graphs inset show magnified regions of the optical emission profile.

3.3.2. Chemical Enhancement through Hydration

As shown earlier in Figure 3, hydrating the PVA hydrogel in-
creased the humidity at the plasma jet – PVA hydrogel interface.
This promoted production of H2O2 but did not affect NO2

− pro-
duction. The conductivity of the air will increase with increasing
humidity, and this was shown to slightly increase the accumu-

lated charges and dissipated power in Figure 3 and Table 2; how-
ever, this was not as significant as the electrical enhancement
achieved by grounding the PVA hydrogel. Since NO2

− produc-
tion closely correlates with dissipated power but not humidity,
this can explain why humidity did not affect NO2

− production.
Lower energy of 4 eV is required to dissociate H2O molecules
as compared to 11 eV that is required for N2 molecules to be
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Table 3. Reaction pathway for the formation of the •OH in plasma jets.[63–65]

How it occurs Reactions

Collision with electron

e− + H2O → H +OH + e−. (7)

Collision with O2 metastable

e− + O2 → O(3P) +O(1D) + e−;

O(1D) +H2O → 2∙OH.
(8)

Collision with N2 metastable

e− + N2 → N2(A
3

+
∑

u

) + e−;N2(A
3

+
∑

u

) + H2O → N2+
∙OH+

∙H. (9)

Collision with He metastable

e− +He → Hem + e−Hem +H2O → He+∙OH+
∙H. (10)

UV photolysis

UV +H2O → H2O
∗UV +H2O

∗
→ H+

+OH−;OH−
→ e− +

∙OH. (11)

dissociated.[73] However, increasing humidity did promote pro-
duction of H2O2. This can only be partially explained by the slight
increase in dissipated power during plasma jet treatment un-
der high humidity. Rather, the increase in H2O2 production by
hydration was mainly attributed to chemical processes through
reactions involving water (H2O) molecules shown in Equations
(7)–(12).
H2Omolecules have a major role in all the major physical and

chemical processes responsible in formingH2O2 within the PVA
hydrogel. The reason for this is that when H2O becomes disso-
ciated by plasma it will readily recombine to form H2O2 (Equa-
tion (12)). In the He plasma jet treatment system used in this
paper, H2O can be dissociated when it collides with an electron
(Equation (7)), an O2 metastable (Equation (8)), a N2 metastable
(Equation (9)), a He metastable (Equation (10)), or through UV
photolysis (Equation 11). These reactions lead to the generation
of the •OH or hydroxyl ion (−OH).

Table 4. Chemical reactions producing NOx.
[66,48]

RNS Reactions

NO

N +O2 → NO +O;N +
∙OH → NO+

∙HN +O → NO. (15)

NO2
−

4NO + 2O2 + 2H2O → NO−

2 + 4H+. (16)

NO3
−

NO−

2 +H2O2 +H+
→ NO−

3 +H2O +H+. (17)

Whilst these reactions can occur within the plasma core (i.e.,
within the silica tube of the plasma jet assembly) from H2O sup-
plied by impurities in the He gas supply and from residual water
adsorbed to the gas tubing and inner wall of the silica tube, H2O2

can also be formed in the afterglow region (i.e., downstream
of the plasma core) when the plasma jet mixes with the ambi-
ent air.[48] Therefore, mixing the effluent of the plasma jet with
ambient air rich in H2O molecules will promote H2O2 produc-
tion. In addition, the H2Omolecules will also dilute the nitrogen
molecules that can decrease the concentration of H2O2 through
quenching reactions (Equations (6) and (17)). Therefore, concur-
rently promoting reactions that produce H2O2 and limiting reac-
tions that quench H2O2 significantly enhanced H2O2 production
within the PVA hydrogel.
Additional hydration did not affect NO2

− production. This is
due to less dependency of NO2

− production on air humidity
(Equations (13)–(15)).[47,48,20] Rather, generation ofNO2

− is highly
dependent on the interaction of the plasma effluent with the N2

(78%) and O2 (21%) molecules in the ambient air (Equations (9)
and (10)) than H2O.

[48,20,71]

3.4. Linking Oxidation Potential to Antibacterial Activity

The ability of the PVA hydrogels to oxidize the agarose-KI-starch
film was first tested for PVA hydrogels that were grounded and
hydrated during plasma treatment. It can be seen in Figure 7a
that increasing the plasma treatment time up to 20 min resulted
in a darker purple color formed in the agarose film, indicating a
higher level of KI oxidation. The color in the agarose film spread
further than the diameter of the PVA hydrogel discs, which in-
dicates the PAHT can be used to deliver RONS over a circum-
ference spanning greater than 10 mm in diameter in this study.
If required, larger area treatments can be accomplished using
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Figure 7. a) Photographs of color intensity (RONS transfer) produced in the agarose containing the by KI-starch RONS reporter dye (top row) and
corresponding photographs of E. coli ZOI (bottom row) for different plasma treatment times of PVA-GND-W hydrogels and the PVA-FLT-W hydrogel
plasma treated for 20 min; quantified ZOI is shown in (e) (n = 6). b) photographs and f) quantified E. coli ZOI produced by 20 min plasma treated
PVA-GND-W hydrogels freshly prepared (day 0) and following storage for 2, 7, and 10 days (n = 3). Photographs of c) P. aeruginosa and d) S. aureus ZOI
and g) quantified ZOI for both bacteria produced by freshly prepared 20 min plasma treated PVA-GND-W hydrogels (n = 3). Photographs of the of the
petri dishes with PVA hydrogel on top are shown in Figures S2–S6 (Supporting Information). Data are presented as mean ± standard error of the mean
(SEM). *p < 0.0001, ns p > 0.05 (Student t-test). ns = not significant.

a bundle of plasma jets (a.k.a. multi plasma jets).[72,73] This di-
rectly corresponded with an increase in ZOI (Figure 7a). The
PVA hydrogel that was kept at floating potential and hydrated
during 20 min of plasma treatment produced a lighter purple
color in the agarose film (compared to the PVA hydrogel that was
grounded and hydrated during the 20 min plasma treatment),
which did not lead to a prominent ZOI of E. coli. Overall, the re-
sults indicate that transfer of oxidative molecules from the PVA
hydrogel to the target closely correlates with bactericidal activity.

The quantified ZOI in Figure 7e shows that the bactericidal ac-
tion of the PVA-GND-W hydrogels is enhanced by the plasma
treatment time (i.e., the dose of the oxidative molecules), which
is also supported by the increase in H2O2 release as shown in
Figure 3g. In the PVA-FLT-W only 0.7 mm H2O2 is produced
(from Figure 3g), which did not correlate with inhibition of bac-
terial growth (Figure 7a,c–(e). In the PVA-GND-W this increases
to 3.4 mm, which effectively reduced bacterial growth as seen by
an increase in the ZOI (Figure 7a–(g).
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Table 5. Photon energy density at 309 nm, and plasma vibrational and ro-
tational temperatures produced during different treatment conditions.

Target

conditionsa
Photon energy density

at 309 nm [mJ m−2]

Vibrational

temperature [K]

Rotational

temperature [K]

No PVA- FLT 0.04 3650 300

No PVA-GND 1.06 3850 300

PVA-FLT 0.23 3200 300

PVA-FLT-W 0.3 3400 300

PVA-GND 1 4200 300

PVA-GND-W 2.38 4400 300

a)
Vibrational and rotational temperatures are calculated from the fitted curves shown

in Figure S7 (Supporting Information).

The shelf-life of the PVA-GND-W hydrogels prepared using
20 min of plasma treatments (which had the highest antibacte-
rial activity) were tested by storing them in a conventional freezer
for 2, 7, and 10 days. These PVA hydrogels were subsequently
defrosted and then used in an E. coli ZOI experiment. It can be
seen in Figure 7b that storage did not significantly impact upon
the bactericidal activity with no significant change in the resul-
tant ZOI compared to the freshly prepared (Day 0) plasma-treated
hydrogels. P. aeruginosa, and S. aureus are two commonly found
pathogenic bacteria in skin wounds. Therefore, the ability of the
20 min plasma-treated PVA-FLT-W and PVA-GND-W hydrogels
to inhibit growth of these bacteria was compared to the untreated
PVA hydrogel as a negative control. A measurable ZOI was only
observed for the 20 min PVA-GND-W hydrogels in Figure 7c,d
as shown in Figure 7g. However, the result also shows that S. au-
reus displayed a lower ZOI compared to P. aeruginosa (Figure 7g).
This suggests that S. aureus is more resistant to the oxidative
molecules released by the plasma treated PVA hydrogel. This re-
sult is also consistent with previous studies that showsS. aureus is
more resistant to plasma and plasma-activated liquid treatments
compared to P. aeruginosa.[74–76] Loading the PVA hydrogel with
higher concentrations of oxidative molecules might further im-
prove its bactericidal efficacy; this was not investigated as it was
not needed to obtain proof-of-principle in this study but might be
needed in the future to optimize the antibacterial activity of the
plasma treated PVA hydrogels against specific bacteria.
To be effective, the plasma-treated PVA hydrogels do not nec-

essarily need to directly kill all bacteria. In real patient treatment
it is likely that the plasma-activated hydrogels will also indirectly
kill through immune cell activation. The reason for this is that
plasma has previously been shown to activate defence mecha-
nisms of macrophages and other factors associated with wound
decontamination and healing.[77–80] This suggests that RONS and
othermolecules generated by plasma have a key role in the activa-
tion of the immune system, which is likely to improve the effect
on wound decontamination and healing.

3.5. Skin Cell Biocompatibility

The influence of the RONS and molecules eluted from the
plasma-treated PVA-GND-Whydrogels into cell culturemedia on
cell viability was assessed usingHaCaT keratinocytes andHFF fi-
broblasts. Because the PVA hydrogels would have physically dis-

rupted the adherence of the cells in the tissue culture wells, cell
viability was measured indirectly using the cell media that had
been incubated with the PVA hydrogels prior to application to
the cells. Cell viability was measured 24 and 48 h following in-
cubation of the cell media containing the eluted molecules with
the cells. Figure 8 shows that the PVA-GND-W hydrogels signifi-
cantly reduced the viability of HaCaT (Figure 8a) andHFF fibrob-
last (Figure 8b) cells. This is not unexpected because the PVA-
GND-W hydrogels produced in this study released over 500 μm
H2O2, which was cytotoxic to both cell types with <80% cell vi-
ability (Figure 8a,b). The cell viability response did not signifi-
cantly differ from 24 to 48 h, which indicates that the cytotoxicity
is more of an immediate effect as opposed to cumulative.
In the context of treatment of infected wounds, it is paramount

to first eliminate infection before it becomes systemic, which can
lead to life-threatening sepsis and osteomyelitis.Many antimicro-
bial agents are cytotoxic at high concentrations.What the plasma-
activated hydrogel system offers is the ability to modulate the
dose of active agents (e.g., H2O2) to the phase of healing. For ex-
ample, a 20 min plasma-treated PVA-GND-W hydrogel might be
needed initially to control infection. This treatment can then be
later replaced with a non-cytotoxic 2.5 min plasma-treated PVA-
GND-W hydrogel dressing to prevent recurrence of infection and
stimulate healing. However, in the context of developing a more
effective and safer alternative antibacterial wound therapy to an-
tibiotics and silver, it will be essential to test this new PAHT in
living mammals to understand how physiological the environ-
ment impacts the treatment.

4. Conclusion

An electrochemical approach to enhance production of RONS in
PAHT was investigated and characterized for controlling growth
of common pathogenic bacteria found in wounds. Through
electrochemical enhancement of the He plasma jet treatment

Figure 8. Effect of plasma treated PVA-GND-W hydrogels and standard
H2O2 solutions on viability of a) HaCaT keratinocyte and b) HFF fibroblast
cells (n = 4). Data are presented as mean ± SEM. ns p > 0.05 (Student
t-test). ns = not significant.
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system, an unprecedented 3.4 mM of H2O2 could be produced
in the target PVA hydrogels. These dressings were highly effec-
tive at controlling growth of E. coli and P. aeruginosa and mildly
effective against S. aureus. Validation of the new PAHT dressings
in vivo will be required next to ensure the technology is effective
and safe for wound treatment. Nonetheless, the new technology
does offer a promising alternative to existing treatments of an-
tibiotics and silver dressings that will need to be replaced due to
escalating problems of AMR and accumulative silver toxicity.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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