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Abstract. Atmospheric pressure plasma jets generated using noble gases have been the focus of intense
investigation for over 2decades due to their unique physicochemical properties and their suitability for
treating living tissues to elicit a controlled biological response. Such devices enable the generation of a
non-equilibrium plasma to be spatially separated from its downstream point of application, simultaneously
providing inherent safety, stability and reactivity. Underpinning key plasma mediated biological applica-
tions are the reactive oxygen and nitrogen species (RONS) created when molecular gases interact with
the noble gas plasma, yielding a complex yet highly reactive chemical mixture. The interplay between the
plasma physics, fluid dynamics and plasma chemistry ultimately dictates the chemical composition of the
RONS arriving at a biological target. This contribution reviews recent developments in understanding of
the interplay between the flowing plasma, the quiescent background and a biological target to promote the

development of future plasma medical therapies.

1 Introduction

Atmospheric pressure plasma jets (APPJ’s) are the
focus of an intense international research effort due
to their unique chemical and physical characteristics.
A defining aspect of the plasma jet is the interplay
between the plasma physics, plasma chemistry and fluid
dynamics, which ultimately dictate application efficacy.
Plasma jets can be constructed using a wide variety of
electrode configurations and powered using a plethora,
of high voltage power sources (ranging from DC to
GHz). A vast array of different gases have been inves-
tigated, ranging from noble gases such as helium and
argon through to complex gas mixtures such as humid
air. In the context of biomedical and healthcare-related
applications, perhaps the most common plasma, jet con-
figuration is based on the dielectric barrier discharge
(DBD) operating in a noble gas; it allows for the gen-
eration of a stable stream of plasma downstream of the
high-voltage electrodes with minimal risk of arcing [1].
Given the widespread use of the DBD jet configuration
for healthcare-related application, it is chosen as the
primary focus of this review.

One of the first applications of a DBD jet created
at atmospheric pressure was to inactivate bacteria, as
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reported by Laroussi and colleagues [2]. In this study a

pulsed voltage was applied at kHz frequency to ignite a

discharge in flowing helium gas which emerged from the
electrodes and impinged on a bacterial target. Since the
pioneering carly works, a large number of studies have
explored the physics and chemistry of the plasma plume
as well as the effects of plasma exposure on many dif-
ferent biological targets. It was quickly discovered that
spatial separation between the region of plasma genera-
tion and reactive species creation makes the plasma jet
configuration unique, facilitating a stable source of both
short-lived and long-lived reactive oxygen and nitrogen
species (RONS) under ambient conditions [3].

Noble gas plasmas are expected to have little chem-
ical reactivity; however, impurities found within the
feed gas (e.g. HoO, Oz and Ni3) can give rise to a
variety of RONS. Furthermore, beyond the jet capil-
lary the discharge is free to interact with the quiescent
background gas (typically humid air), resulting in the
creation of an abundance of reactive chemical species.
While such interactions act to increase the reactivity of
the plasma, the unpredictable composition of the ambi-
ent background has the potential to alter the physico-
chemical processes at play reducing the repeatability
of any downstream treatment. In order to understand
and ultimately control the composition of RONS within
the plasma, considerably more insight is required into
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the complex interactions occurring beyond the capil-
lary. While the physics of the plasma jet are now well
understood, the impact of the quiescent background on
the physicochemical processes at play have been mostly
overlooked due to the complexity of the interaction.
Several studies have probed the interaction via qualita-
tive methods, such as Schlieren imaging [4-8], observ-
ing that plasma generation has a marked impact of the
fluid dynamics of the system. Particle image velocime-
try has been used to quantitatively study a free sub-
merged axisymmetric plasma jet and characterise the
plasma-induced turbulence [8,9]. Both qualitative and
quantitative methods confirm that the presence of a
discharge generated at kHz frequencies within a flow-
ing gas results in perturbation of the jet flow and the
early onset of turbulence [8,10-12].

In terms of application potential, DBD based plasma
jets have been widely investigated for use in high-value
materials processing and more recently in the biomed-
ical area. Many studies on the use of plasma jets to
inactive bacteria, fungi and viruses commonly found
in the agricultural [13-15], and healthcare sectors [16-
18], have shown promising results. In a parallel devel-
opment, the use of DBD jets in the field of ‘plasma
medicine’ has garnered much interest, with studies
on the ability of the plasma jet to stimulate wound
healing [19,20], kill cancer cells [21,22], and modulate
immune response [23,24], both in vivo [25,26], and in
clinical trials [27]. This contribution summarises the
recent developments in the field of DBD plasma jets
with a focus on the interactions occurring beyond the
jet capillary. The link between the discharge physics,
plasma chemistry, background gas and sample compo-
sition is considered and the latest findings in the field
of microbial inactivation and wound healing are consid-
ered.

The remainder of this article is divided into five sec-
tions, the first of which provides a summary of the
major plasma jet configurations used in the field, and a
discussion of the physical mechanisms giving rise to the
fast ionisation wave or ‘plasma bullet’ phenomena typ-
ically observed. The second section explores the inter-
action of the plasma jet with the quiescent background,
with a specific focus on a helium free jet impinging
in ambient air. The third section explores the physico-
chemical processes at play when plasma interacts with
moist and liquid-like samples, as these are typically
found in biological applications. Section four explores
recent biomedical application of plasma jets, with a spe-
cific focus on applications relating to microbial decon-
tamination and wound healing. Finally, an outlook on
the future perspectives of plasma jet use in emerging
biomedical applications is presented.

Eur. Phys. J. D

2 Plasma jet devices and principal of
operation

2.1 Typical jet configurations

A key advantage of the APPJ configuration is its ability
to generate a stable and controllable column of plasma
extending beyond the confines of the electrodes and into
the surrounding environment. Of all the possible APPJ
configurations, the DBD jet configuration is perhaps
the most widely used and generally consists of a flow-
ing noble gas through a dielectric capillary, impinging
into the ambient air. An electrode system in or around
the capillary is used to apply a time-varying voltage of
sufficient magnitude to initiate breakdown within the
capillary, thus generating a plasma column extending
from the capillary into ambient air. Accordingly, the
choice of feed gas plays a major role in determining
the composition of reactive species. For example, when
helium with an oxygen admixture is used as the feed
gas, the generated reactive oxygen species (e.g. O, 102,
O3) are well suited to microbial inactivation applica-
tions [28-32].

An additional factor influencing the characteristics
of an APPJ is the choice of electrode configuration.
Figure 1 shows a selection of the most common elec-
trode configurations used in APPJ discharges. Con-
figurations shown in Fig. la—c employ a coaxial elec-
trode within the dielectric capillary to generate the
discharge [4,30,33-41], an advantage of this configu-
ration is the reduced breakdown voltage; however, a
drawback of this configuration is the lack of a dielectric
between the driven electrode and a downstream sample,
which makes the system more liable to arcing. Config-
urations (d) and (e) employ ring electrodes positioned
on the outside of the capillary, acting to enhance elec-
trical safety at the expense of an increased breakdown
voltage [8,42-46]. The chosen electrode configuration
can also affect the shape of the plasma plume beyond
the capillary, thus influencing the generation and the
transport of reactive species [36,47]. In all cases, when
a single electrode is employed, capacitive coupling to
ground provides a return path for current flow. In most
cases, the downstream sample acts as the ground elec-
trode and consequently the plasma properties can be
strongly influenced by the sample composition.

Specific applications require custom variations of
the typical APPJ discharge configuration; for example,
APPJs developed for applications in endoscopy require
meter long flexible capillaries able to produce a sta-
ble column of plasma [48-56]. For applications where
power consumption is a concern or additional safety is
required, an APPJ with a dielectric-covered pin elec-
trode can generate a discharge with similar properties
to those with an uncovered pin electrode configuration
at much lower power [57]. Another design considera-
tion is user safety, which is especially important when
the intended application is a medical treatment. The
kINPen MED was the first APPJ accredited as a med-
ical device with a certified electrical safety, this plasma
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Fig. 1 Cross sectional views of commonly used low-
temperature plasma jet configurations: a Powered pin elec-
trode with floating ground, b powered pin electrode with
ground electrode wrapped around dielectric capillary, ¢
powered pin electrode with grounded downstream target,
d single powered electrode wrapped around dielectric capil-
lary, and e powered and ground electrodes wrapped around
dielectric capillary

source serves as a standard towards biomedical stud-
ies [58].

A downside of APPJs is the relatively small area of
treatment covered by the plasma, which is typically on
the order of few mm? [59]. It represents a challenge
to the scalability of the discharge and thus limits its
potential for large scale applications. In order to over-
come this problem, multiple APPJs can be combined
into arrays to maintain the advantages of a single APPJ
while simultaneously increasing the treatment arca. In
some studies, each APPJ in the array has an individ-
ual gas feed [60-63], while in others all the jets share a
single gas feed [60-62,64-66], both expand the plasma-
target arca of contact. A drawback of arraying multiple
APPJs is gas consumption, which can quickly become
prohibitively expensive when noble gases are used. Fur-
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thermore, due to the electrical characteristics of the
plasma column emerging from each individual capillary
in an APPJ array, the interaction between discharges
is inevitable. Several studies have shown that individ-
ual plasma columns within an array can either repel
or attract each other depending on their characteristics
acting to reduce downstream treatment uniformity of a
sample [60,67].

2.2 Fast moving ionisation waves

When APPJs are in operation, a continuous luminous
plasma plume can be seen by the naked eye; however,
such observations do not show the true nature of the
discharge. Using short-exposure imaging techniques the
plasma plume has been revealed to consist of a sequence
of Ionization Waves (IW) propagating at high speeds in
the order of 105-10% cms™! [68-71]. IWs are present
in dielectric barrier discharges, where ionisation occurs
in a small volume that changes position over time, this
volume is characterised by a strong electric field, which
energises electrons and leads to dissociation and ionisa-
tion of the feed gas by electron impact. IWs, also known
as plasma bullets, are ignited near the driven electrode
when the externally applied electric field exceeds the
breakdown voltage in the feed gas [29,71-77], as they
propagate they create a conductive channel connecting
them to the powered electrode [78,79]. The electric field
supports the propagation of the IW; thus, the voltage
pulse duration is a key factor on the propagation length.
As IW’s continue to propagate, the finite conductivity
of the plasma channel weakens the electric field, until
they arrive at a position where the direct ionisation
rate drops as a result of changing gas composition and
the weakened electric field, which typically occurs at a
distance of a few cm’s downstream of the capillary ori-
fice [29]. Inside the capillary, the IW expands radially
and propagates along the capillary inner wall, in what is
known as a “wall-hugging” mode [80]. Beyond the con-
fines of the capillary, ‘doughnut-shaped’ structure of the
IW evolves in to a more ‘homogenous’ structure as it
propagates downstream, which has been attributed to
the diffusion of air into the feed gas flow [71]. The IW
propagation mechanism can differ when a more com-
plex electrode configuration is adopted, propagation in
a long flexible capillary or a glass loop showed the
IW tendency to hug one wall due to curvature [56,81].
Moreover, in the generation of a plasma array, a pri-
mary propagating IW ignites secondary IWs originat-
ing from holes located along the tube [67].

The electric field at the tip of the IW has a significant
influence on its characteristics. For instance, the speed
of the IW is directly correlated with the strength of the
clectric field at its tip; a strong electric field increases
the velocity of the IW [82]. The electric field of the IWs
decreases as they move towards the exit of the capil-
lary, which is explained by electric potential screening
as a result of surface charging of the inner walls of the
capillary [83,84]. The electric field then increases when
the IWs exit the capillary, this effect is attributed to
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Fig. 2 The electric field distribution with positive and negative pulses in a plasma jet

the contraction of the IWs as they are moving away
from the capillary, which strengthens the electric field
by focusing the charge density of the IWs into a smaller
volume [85], leading to an increase in the IWs propaga-
tion speed [82,86,87].

The polarity of the applied voltage driving the dis-
charge influences the strength of the total electric field
at the front of the IW. The total electric field governing
the TW propagation results from the combination of a
space charge induced electric field with the Laplacian
electric field associated with the electrode polarization.
Figure 2 shows the influence of the polarity on the total
electric field for a pulse driven APPJ [88]. For posi-
tive polarity cases, the total electric field increases as a
result of the addition of the external electric field and
the space charge induced field [88]. In the case of a neg-
ative polarity, the total electric field is weakened as the
external electric field and the space charge induced field
to subtract from each other, as highlighted in Fig. 2 [88].
In most cases, the space charge electric field has a
higher transient amplitude than the Laplacian electric
field. Moreover, standard configurations with the input
voltage on the order of few kVs generates an electric
field in the tens of kV cm™! [82,89]. Bourdon et al.
measured the peak value of the electric field along the
plasma plume generated by a pulse driven helium APPJ
at 45kVem™!, in agreement with computational mod-
elling prediction [84]. The generation of strong exter-
nal electric fields in a plasma jet has increased inter-
est in the use of such systems to manipulate cellular
membranes, leading to poration or apoptosis. Electric
field strengths in the range of 10-100kVcm™! influ-
ences the field-dependent relative permittivity of the
membrane [90]. A maximum electric field value up to
170kVem™! in the sheath at the surface of a water
layer was estimated with computational modelling by
Norberg et al. [91]. While Begum et al. experimentally
measured, with optical emission spectroscopy, the max-
imum local electric field of 95kV cm™! at 13 mm from
the tube exit for a nanosecond pulse plasma pencil (4-
8kV, 500-800ns, 4kHz) [87].

The application of an external electric ficld can alter
the ionisation wave’s propagation characteristics. For
example, the application of an external field perpendic-
ularly to the propagation direction of the IW causes its
propagation path to bend in the opposite direction of
the external field [42,92]. The propagation velocity of
the IW can be decreased along the axis of propagation
by placing a positively biased downstream ring or plate
electrode. The opposite effect can be induced by nega-
tively biasing the downstream electrodes [42,93]. Simu-
lations show that a negatively biased downstream elec-
trode increases the electric field of the IW, thus, increas-
ing the propagation speed, whereas a positively biased
downstream electrode reduces the electric field of the
ITW and causes a decrease in the propagation speed [42].
Wang et al. observed the IW velocity decays at a faster
rate as it travelled downstream when the pulse fre-
quency increased from 1 to 3kHz on a pulse driven
APPJ using a powered pin electrode in a quartz cap-
illary, although the peak velocity was unchanged [34].
They explained this effect by the increased number of
charged species in the bullet head and faster recombi-
nation speed at higher pulse frequency. The increase
of the pulse repetition rate produces an accumulation
of charge deposition on the surface of the inner capil-
lary, affecting the plasma column by inducing an elec-

ric potential shielding [94]. This results in an observed

increase of the propagation velocity of the IW; thus, a
lengthier plasma plume [95]. The addition of a dielec-
tric target and the deposition of positive charge on
the surface of the target weakens the electric field and
encourages the streamer head into a radial propagation
towards areas with stronger electric field [96].

The characteristics of the ionisation waves are also
dependent on the feed gas, including the feed gas type
and flow rate. The feed gas is usually helium or argon,
although more exotic noble gasses and gas mixtures
have been explored. The choice of feeding gas has a
major impact on the physicochemical processes at play.
For example, the role played by the Penning ionisa-
tion in helium fed APPJs has increased the propagation
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speed of an IW, compared to that observed in argon for
similar configuration [35,97]. While the flow rate does
not directly affect the physical properties of the jet,
it influences the mixing of impurities downstream of
the capillary and thus is able to impact ionisation and
attachment processes altering the charge density and
the electric field distribution [85,98].

The strong electric field in the ionisation wave orig-
inates from a strong charge imbalance. In cathode
directed IWs, positive ions dominate over electrons and
negative ions, while in anode directed IWs, negative
ions and electrons dominate [99]. The charged species
move under the influence of the electric field while col-
liding with the molecules of the feed gas, leading to a
net momentum transfer from the charged species to the
feed gas. This momentum transfer appears as an effec-
tive force known as the Electrohydrodynamic (EHD)
force {100]. The EHD force has three components in
terms of the physical mechanism involved, of which
the dominant component is the electric field [100]. The
impact of EHD forces in an APPJ has been investigated
experimentally by Park et al. and computationally by
Hasan et al. [69,101]. Park et al. studied a helium APPJ
driven by varying length voltage pulses, using a combi-
nation of experiments and modelling, they showed that
the residual charge after the collapse of IWs also con-
tributed to the EHD force [69].

3 Link between fluid dynamics and APPJ
physicochemical properties

A considerable effort has been directed towards iden-
tifying the mechanisms that link the dynamics of the
propagating plasma to the flow effects observed in the
gas channel emerging from the jet orifice. Many stud-
ies have demonstrated that the generation of plasma
in a flowing noble gas jet leads to an abrupt laminar-
turbulent transition of the flow beyond the orifice. Both
EHD forces and gas heating have been suggested as
possible mechanisms to explain the dramatic change in
flow dynamics, with EHD forces being considered as the
dominant factor in kHz excited APPJ’s. Notably, the
predicted impact of these two phenomena to the flow
velocity of the jet falls below what would be required
to explain the observed reduction on the laminar region
of the jet.

The turbulent flow field generated by variable-density
jet is characterised by a dimensionless parameter called
the Froude number, Fr (= U2 p;/gD(pa — p;j)), which
is the ratio of the momentum flux to buoyancy flux of
the fluid flow. Where, U, is the jet exit velocity, p;
is the density of the noble gas, p, is the density of the
ambient fluid, ¢ is the acceleration due to gravity and D
is the inner diameter of the capillary. When a helium
based APPJ is orientated to generate a turbulent jet
flow in the upwards direction, the developing flow field
is divided into three distinct regions [102], which are
functions of increasing vertical distance away from the
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Fig. 3 Schlieren photography of a helium jet flow at Re =

135 and helium jet flow at Re = 135 with plasma ignited at
b 16kV [g]

jet exit. First, there is a region of pure jet behaviour

driven by momentum flux. At the end of the pure jet
region, the fluid flow enters into an intermediary region
where both the momentum flux and buoyancy flux play
equally important roles. Finally, the jet flow is driven
by buoyancy forces.

To date, one of the most extensive pieces of research
characterising the developing turbulent flow fields gen-
erated by an APPJ was been conducted by Whalley
and Walsh [8]. High-speed Schlieren imaging and 2D
PIV were used to investigate the developing turbu-
lent flow fields within the pure jet region of helium
APPJs. Figure 3 shows instantaneous Schlieren imag-
ing of a helium APPJ flow at a Reynolds number of
Re = Uy, D/v; =135, where v; is the kinematic viscos-
ity of helium. The Reynolds number is a ratio of iner-
tial forces to viscous forces present within the fluid flow
and is an essential non-dimensional parameter used to
describe the state of the flow (e.g. whether the flow
is laminar, turbulent or in a state of transition-to-
turbulence). Without plasma generation, Fig. 3a, the
fluid flow remains laminar. However, the generation of
a plasma plume, Fig. 3b, leads to an abrupt transi-
tion into a turbulent regime. These types of qualitative
observations on plasma-induced turbulent jet flows are
well-known within the APPJ community [6,7,43]. Gen-
erally, these turbulent flow fields have been observed in
APPJ’s with Reynolds number ranging from Re = 135-
840 using both pulsed and sinusoidal excitation with
applied voltages from 4 to 30 kV. The frequency of exci-
tation is known to be an important parameter. Within
the fluid dynamics communities, frequencies are often
represented by a non-dimensional parameter called the
Strouhal number, St = f8/U,,, where f is a charac-
teristic frequency, # is the momentum thickness of the
shear layer at the jet exit, which characterise oscilla-
tions within the fluid flow.

The shear layers (i.e. velocity gradients) at the jet
exit are highly unstable [103,104]. Small finite pertur-
bations with amplitudes on the order of 10% of the
mean jet exit velocity, which contain frequencies with
a Strouhal number of St < 0.04, can grow exponen-
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Fig. 4 Laminar region length obtained from ensemble-
averaged velocity measurements for a pulse driven plasma
jet (1ps pulse width, 6.5kV amplitude) fed with helium at
3.7 SLM. The repetition frequency varied between 9 and
11kHz

tially in the unstable shear layers and laminar transi-
tion jet flows into turbulent regimes from a Reynolds
number as low as Re = 50 [12,105-107]. Lincar sta-
bility theory [6,12,29,108-110] and many experimental
observations [10] of, albeit, homogeneous (i.e. constant
density) axisymmetric jet flows predict that small finite
perturbations will amplify the most within the jet shear
layers when they have a dominant excitation frequency
of S5t = 0.017. To put this into context, with volume
flow rates of a few standard-litres-per-minute typical
for APPJ flows through capillaries which have internal
diameters of a few mm’s, typical dominant frequencies
of 10’s of kHz are to be expected, often coinciding with
the frequency of plasma excitation.

To demonstrate this, a pulsed plasma jet (1ps pulse
width, constant power operation) was used to excite a
helium flowing through a quartz capillary at 3.7 SLM.
Under such conditions the dominant Strouhal number
(St =~ 0.017) gives rise to an excitation frequency of
approximately 10kHz. By varying the pulse repetition
rate from 9kHz to 11 kHz the impact of plasma gener-
ation on the laminar region length was examined using
particle image velocimetry, Fig. 4. The results fitted the
prediction from the Strouhal number with a reduction
in laminar region length at fo = 10kHz. The veloc-
ity decay rate is similar along the laminar region for
all repetition frequency tested, the most considerable
transition-to-turbulence position disparity is observed
between the shortest laminar region at 10kHz and the
longest at 11 kHz.

Global instability modes in low-density axisymmetric
jets have been found to scale as fD?/v; ~ Re(D/8)'/?
(1+(pj/pa)/?), consistent with dominant frequencies
on the order of 10’s of kHz for APPJ flows [111]. Whal-
ley and Walsh posited that the sudden onset of tur-

Eur. Phys. J. D

bulence generated within an APPJ flow was due to a
combination of small-amplitude electro-hydrodynamic
body forces and gas heating causing perturbations in
the unstable shear layers at the jet exit [8]. These per-
turbations amplify as they travel downstream causing
velocity fluctuations, Reynolds shear stresses and thus
the production of turbulence. They estimated with an
order-of-magnitude analysis that the combined contri-
bution of these perturbations could increase the mean
jet exit velocity by up to 10%. Morabit et al. provided
the first quantitative velocity measurements of a plasma
jet impinging into ambient air, summarised in Fig. 5 [9].
The ensemble-averaged velocity measurements and nor-
malised centreline velocity decay shows the transition
to turbulence induced by the plasma discharge. In the
study, the generation of an intense discharge within the
jet capillary was found to yield only a relative minor
0.94 m/s increase in flow velocity compared to when the
plasma was off, representing a 10% increase, coinciding
well with the predictions made in earlier studies [8].

Morabit et al. also used Laser-induced Fluorescence
to investigate the influence of fluid dynamic effects,
such as shear layer perturbation and turbulence, on
the plasma chemistry of the discharge. Figure 6 shows
the measured and computed LIF decay time as a func-
tion of downstream spatial position for a helium APPJ
expanding in ambient air [9]. The LIF decay time is
shorter at all spatial positions under both 10- and 14-
kV excitation compared to what would be observed
under idealized laminar conditions. This result pro-
vides experimental evidence supporting the hypothesis
that plasma generation increases the entrainment of air
within the helium jet at all spatial positions, not just
the fully turbulent region. The calculated decay times
closely match the measured data points, with both cases
showing the agreement.

Furthermore, the study demonstrated that the den-
sity of ground state OH at any given downstream posi-
tion in the jet is strongly influenced by both the dis-
charge characteristics and its interaction with the qui-
escent background gas. Though it is generally assumed
that a higher plasma generation voltage results in
enhanced production of OH, Fig. 7 clearly shows that
this only holds true close to the jet orifice. With increas-
ing voltage comes increasing entrainment, which ulti-
mately begins to quench the discharge and negatively
affects downstream OH production. Counterintuitively,
at a position of 16 mm from the jet exit, there is an
order of magnitude more OH from a plasma gener-
ated using 10-kV compared to onc generated using
14-kV excitation. These findings demonstrate that the
small-scale shear layer perturbations near the jet orifice
act to enhance entrainment of quiescent air, increasing
the production of species such as OH, while acting to
quench the discharge further downstream.

While many studies have considered the interaction
of an APPJ and the quiescent ambient air, this typi-
cally does not correspond to a realistic usage scenario
when an APPJ is used in a biomedical application,
where the plasma not only interacts with the back-
ground gas but also impinges on a target substrate.
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Fig. 6 Comparison between experimental and predicted
decay time of the laser-induced fluorescent signal as a func-
tion of downstream distance from the atmospheric pressure
plasma jet orifice [9]

However, a downward directed noble gas jet bends
upward due to the upward buoyancy force overwhelm-
ing the diminishing natural inertia of the flow. In the
presence of plasma, the natural inertia of the flow is
combined with the ‘lonic wind’, counteracting the buoy-

ancy force and allowing the development of the APPJ
downward onto a target [112]. This work [112] reveals
the critical role of large and long lifetime negative ions
during repetitive operations in the kHz regime, induc-
ing strong modifications in the gas propagation. The
cumulative added streamwise momentum transferred
to ambient air surrounding molecules resulting from a
series of applied voltage pulses induces a gradual built
up of a helium channel on tens of millisecond timescale.
Although the APPJ can be applied downward, the pulse
repetition rate and the nature of the target are cru-
cial factors on the development of the structure of the
jet [5,112]. Boselli et al. used high-speed Schlieren imag-
ing to observe a helium plasma jet with and without a
target [6]. Their study showed that the fluid dynam-
ics change between the plasma on and off cases; with
the presence of instabilities noted in the plasma-on case.
The generation of turbulent structures was more visible
with a metallic substrate than with a diclectric covered
metallic substrate. These observations were attributed
to charge deposition on the dielectric surface limiting
the current, whercas the conductive substrate behaved
like a counter electrode, causing a dramatic shift in the
dynamics of the discharge and likely resulting in less
perturbation to the jet shear layer.
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Fig. 7 Composite two-dimensional normalized laser-induced fluorescence intensity of ground state OH for a 10kV and b

14kV applied voltages [9]

4 Liquid and biological target interactions

In biomedical applications, the interaction of an APPJ
with a wet or moist sample is almost inevitable;
thus, a clear understanding of plasma-liquid interac-
tions is vital for the further development of plasma-
based healthcare technologies. The complex interaction
between a plasma and a liquid has been widely studied,
and a large number of physical and chemical processes
have been observed to occur at the plasma-liquid inter-
face.

When treating a liquid sample with an APPJ, the
depth of the liquid has a significant impact on the
induced chemistry, which is particularly important
when a sample is surrounded by a thin liquid layer.
Thin liquid films do not allow for convection to occur
in the liquid phase, thus the presence of reactive species
is due solely to the solubility of the gaseous species. In
contrast, thick (or bulk) targets allow for convective
transport to develop in the treated media, thus influ-
encing the transport of the reactive species and their
chemistry as well [83,113].

When a liquid volume or moisture rich sample is
treated with an APPJ, it is inevitable that water vapour
from the sample will be entrained within the flowing
gas and thus potentially alter the chemistry of the dis-
charge. Several studies have demonstrated that treat-
ment of a liquid target with an APPJ can enhance the
production of OH radicals and other species such as
HOz, NO and NOy [83,113]. In addition to altering
the chemistry in the gas phase, the chemistry of the
target itself is also influenced. Understanding this bi-
directional coupling between the APPJ chemistry and
the target’s chemistry is of fundamental importance for
biomedical applications.

The APPJ treatment effects on a biological tar-
get has been attributed to a combination of reactive
species, UV radiation, heating, and eclectric fields. Of
these phenomena, it is the reactive species created
at the plasma-liquid interface which arc considered to
be of primary importance. Verlackt et al. developed
a 2D axisymmetric fluid dynamics model to investi-
gate argon APPJ interaction within a buffered aque-
ous solution [113]. Providing insight on the chemistry
in the gas phase, interface and the bulk liquid target.
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In the gas phase, the short-lived species O, N, OH,
HOg2 and NOj participate in the production of long-
lived species HoO3, O3, HNO2 and HNOj3 [113]. At the
liquid interface, the gas phase species can dissolve in the
interface, and produce long-lived species such as H;Os,
HNO,/NO;, ONOOH/ONOO™, O3 and NO5 [113].
The presence of water vapour, whether from the feed
gas or due to vaporisation of a liquid target, increases
the aqueous HoO5 concentration up to a specific limit at
which water vapour starts to influence and disrupt the
plasma [114,115]. The distance between the jets exit
and the liquid target is critical as a short distances
limits diffusion of ambient air into the plasma, thus
reducing the concentration of precursors important for
the production of RONS [116,117]. In contrast, when
the distance between the jet and target is considerable,
concentrations of shorter-lived RONS can decrease as
they react to form more stable species [114,117]. The
treatment time also has a significant influence on the
aqueous phase chemistry. For instance, a helium APPJ
treatment increased the concentration of NO and HyO9
in the treated media, the concentration of HyOy being
ten times higher than that of NO [116].

The complex chemical nature of plasma-activated lig-
uid presents an exciting research challenge. It is impor-
tant to consider not only what reactive species are
formed as a result of plasma interaction, but how they
subsequently react in the liquid phase to produce sec-
ondary compounds. For example, Zhou et al., compared
the ability of the plasma-activated water and selected
chemical agents for the disinfection of F. coli bacte-
ria [118]. The results were found to be dependent on the
treatment time, with the trend being a stronger effect
for longer treatment up to 30 min. Isolated chemical
agents such as NO3, NO3, HyO9, O3 and OH showed
poor efficacy (< 1 Log reduction), however, combina-
tions such as NOj + HyOp and NO; + NOz + Hy0»
had stronger results ( up to 4 Log reduction for 30 min
treatment). The generation of peroxynitrite from HyOo
and NO; was correlated with the observed reductions.
Moreover, the mimicked solution containing the chemi-
cal agents NO; + NO; 4+ HyO0y 4 OH 4+ O3 did not
reach the same level of reduction obtained by plasma-
activated water treatment, thus it was concluded that
plasma activation of water is more complex and pro-
vides greater antimicrobial efficiency than the sum of
its expected chemical agents. Besides activating pure
water, alternative mediums for plasma activation are
under investigation. While these areas are out of the
scope of this review, it is worth noting that many excit-
ing developments have been made. Plasma-activated oil
has showed promise for the inactivation of both Gram-
positive and Gram-negative bacteria as well as acceler-
ating wound healing processes [119,120]. The means by
which activated liquids are delivered to the sample is
another area which holds great promise, with plasma-
activated mist and aerosols both improving the mass
transport of reactive chemical species from the plasma
phase to the liquid phase, examples includes improved
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efficacy in areas such microbial disinfection, viral inac-
tivation and food processing [121-125].

While the plasma jet characteristics influence the gas
chemistry and therefore indirectly the target chemistry,
the nature of the target also influences the plasma jet.
Kovacevic et al. measured the electric field profile in
a plasma jet plume touching a liquid surface measur-
ing the increase of the electric field strength along the
plasma plume until reaching the target. The electric
field became stronger along the plasma plume in both
free expanding and with a target, although when near
the target, a sharp increase of the electric field strength
is observed at low helium flow rates [83,85]. The com-
parison of two gap distances of 7 and 10 mm, showed
that the plasma plume in the longest gap reached a
stronger electric field value near the liquid surface [83].
The conductivity of the liquid sample does not signifi-
cantly alter the electric field strength in the IW exper-
imentally (< 10%) [83].

As stated previously, the treatment of liquid vol-
umes differs from the treatment of thin liquid films
due to the presence of fluid motion generated by the
plasma jet which can affect the generation and trans-
port of species in the liquid bulk [113]. The induced
flow in the liquid phase by the APPJ depends on the
velocity of the effluent, which is determined by the
capillary-to-target distance, jet orifice diameter and the
gas flow rate [113]. A helium APPJ impinging on water-
based solution was studied using Schlieren imaging and
PIV [126], where it was shown that an increase in the
normal and shear forces exerted by the jet on a liquid
target causes an increase in the liquid flow velocity and
circulation size. The presence of fluid motion alters the
generation and transport of species, by the generation
of vortexes directly affecting the transmission of species
from the interface to the liquid bulk [83,113]. More-
over, Verlackt et al. showed that short-lived species
do not reach further than the liquid interface, whereas
the long-lived species HyOp, HNO3/NO;, NOy, Os,
HO2/0,; and ONOOH/ ONOO™ were predicted in the
bulk liquid during the plasma treatment. HNOo/NO;3 ,
HO2/0; and Oj reached the bulk liquid through diffu-
sion and convection [113]. Although Oz, HO2/O5 and
ONOOH/ ONOO™ were present in the bulk liquid, only
H>02, HNO3/NO; and NOj3 were expected to remain
in the liquid after plasma treatment. While the species
are present in the bulk liquid, the spatial prediction
of HyOy density showed a clear non-homogenous dis-
tribution. Moreover, Brubaker et al. observed that the
interaction between the jet and the liquid can provoke a
non-homogencous decrease in temperature and a reduc-
tion of pH [126].

Experimental methods for measuring the concentra-
tion of chemical species in the liquid are diverse. One
of the most common methods is using chemical probes.
Despite their low cost and ease of use, chemical probe
selectivity is an issue which arises as the probe can
potentially react with multiple species [127]. A stan-
dard chemical probe is phenol, which offers a simple
method to determine the presence of OH radicals, O3
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and NO/NO, radicals as they react with it [128]. Opti-
cal absorption spectroscopy has also been used to quan-
tify the concentration of reactive species in a liquid tar-
get. For instance, the work of Oh et al. where UV-vis
spectroscopy and an automated curve fitting routine
was used to quantify the changes in HoOq, NO, ', NO7,
and Oq concentrations [129]. A major advantage of the
approach is that it can be used to make measurements
both during and after plasma treatment.

In addition to long-lived species, short-lived species
can also be measured using chemical probes through
spin trapping methods, where organic reagents are used
to react with short-lived species converting them into
more stable species that can be measured. Elg et al.,
used this spin trap method to investigate helium plasma
jet interaction with liquid, where TEMP solution reacts
with O/02/03 and oxidises into TEMPO; thus, provid-
ing relative concentrations of multiple species including
O, OH, and O in the liquid phase [127]. In addition,
Gorbanev et al. used spin-trapping, EPR spectroscopy
and analytical methods to identify the chemical impact
of the feed gas by labelling hydrogen or oxygen iso-
topes [114]. Their results showed that the presence of
O3 in the feed gas is directly linked to the delivery of
03/102/0 in the liquid sample; while the generation
of H;O5 occurs mainly within the jet capillary. More-
over, the generation of -H and -OH originate from the
discharge effluent, with the concentrations of -OH, and
O, radicals in the liquid phase strongly dependent on
the composition of feed gas [114].

5 Recent advances in biomedical
applications

The use of low-temperature plasma for microbial decon-
tamination has been under intensive investigation for
several decades. Menashi patented the process of low-
pressure plasma sterilisation in 1968 [130], and it was
mostly used as an alternative to conventional sterili-
sation processes for temperature-sensitive materials in
order to inactivate microorganisms while leaving the
surface of the material undamaged [130].

Towards the end of the last century, Laroussi et al.
showed that atmospheric pressure plasmas could also
be efficient for inactivation of bacteria [2,131]. In this
early work, a helium discharge was used to expose Pseu-
domonas fluorescens bacteria for different time peri-
ods. Comparisons with UV exposure led to the conclu-
sions that plasma could be more efficient and that UV
generated by plasma was not the only factor responsi-
ble for bacterial inactivation. Although the report was
preliminary work to prove the concept, critical ques-
tions were raised on the influence of the feeding gas
and the plasma configuration. The inactivation mecha-
nism was also unclear, with the complex chemical and
biological processes leading to the death of cells remain-
ing unknown. This pioneering work spurred an interna-
tional effort to research the interaction of plasma with
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biological systems, a topic which has become an inten-
sive area of research now known as the field ‘plasma
medicine’ [32,132]. During this time a wide range of
plasma applications have been developed for decontam-
ination of various microorganisms, cancer treatment,
wound healing and dentistry.

Research groups worldwide have designed a wide
range of plasma jets for biomedical application with
a variety of physical characteristics, such as electrical
parameters, working gas, and gas flow. Additionally, a
large number of biological protocols, types of organ-
isms or biological system, medium, and cell density
have been examined. Consequently, the vast variety of
parameters reported make it difficult to directly com-
pare the results reported in the literature. In an attempt
to deal with this problem; the European COST Action
MP1011 proposed to develop a well-defined and char-
acterised plasma device that could be used for com-
parison of plasma parameters and also impact on a set
of standardised biological tests [133]. Despite enormous
effort to establish this plasma-jet based device, a rela-
tively modest number of reports on the biological appli-
cations were published. For detailed information, refer
to the review of Gorbanov et al. [134]. To highlight
the potential of APPJ’s in bacterial disinfection and
wound healing application the recent literature is dis-
cussed in the sections below. While the review articles
by Keidar, Schlegel et al. and Yan et al. provide fur-
ther details in the area of cancer treatment, with Kim
et al. and Wu et al. providing insight into the field of
dentistry [21,22,135-137].

5.1 Bacteria decontamination

Global antibiotic resistance and the increased incidence
of multidrug-resistant infection has recently renewed
ideas and efforts to develop a plasma device that can
efficiently kill bacteria. APPJs have been one of the
most used and studied configurations for this purpose.
Given the unique ability of a plasma jet to produce
a discharge that extends beyond the confines of the
electrodes, they are the ideal tool for localised surface
decontamination [138].

Until recently, very little was known about the inac-
tivation mechanisms of cells, and most of the early
research mostly resulted in the survival curves, show-
ing the number of killed cells as a function of time-
exposure. The progress and development in diagnostics
techniques enabled accurate characterisation of plasma
composition and quantitative measurements of individ-
ual reactive species. Such methods provide insight into
the complex underlying mechanisms of APPJ mediated
microbial inactivation. Reactive oxygen species (ROS),
such as ozone Og, hydroxyl radical OH:, singlet oxygen
10, superoxide O3 - , atomic oxygen O, organic rad-
icals RO-, RO, reactive nitrogen species (RNS), such
as atomic nitrogen, N, nitric oxide NO,, nitrogen diox-
ide NO,, UV radiation, electric field and charged pax-
ticles were all reported to contribute to the efficiency
of plasma-assisted inactivation [139]. Each of these has
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a different level of reactivity, stability, and biological
function that leads to a plethora of mechanisms fur-
ther complicated by the fact they can act individu-
ally, synergistically or with other systems and thus can
result in broad antimicrobial activity. Numerous tar-
gets were identified in prokaryotic cells, mainly thiols,
metal centres, proteins, DNA, lipids—when targeted
leading to changes in membrane permeability, modi-
fication of structure and loss of activity of intracellu-
lar and extracellular protein and damages of nucleic
acids [140]. When microorganisms are a subject of
plasma treatment, they are simultaneously exposed to
most of the plasma components, so the roles of individ-
ual species are difficult to identify. In many healthcare-
related sterilisation processes, the antimicrobial prop-
erties of UV are exploited; however, early studies from
Laroussi and colleagues showed that UV produced by
a plasma jets does not reach sufficient doses necessary
for direct microbial inactivation [132,142,143].
Reactions via reactive oxygen and nitrogen species
were found to significantly contribute to the inactiva-
tion mechanisms of different microorganisms. Differ-
ent approaches were carried out to explore the impact
of various plasma generated RONS. Lu et al. treated
S. oureus with an APPJ device using mixtures of
He/N; (3%) and He/O4 (3%) [143]. The comparison of
both conditions lead to the conclusion that the ROSs,
including ozone, metastable oxygen and atomic oxy-
gen were the main reason for enhanced inactivation in
the case of oxygen mixtures [143]. Similar conclusions
were presented by Deng et al.,, who also used differ-
ent proportions of Og in a helium APPJ to inactivate
S. aureus. Optical emission spectroscopy revealed the
increase of ROS production by the addition of 2% oxy-
gen content in the feeding gas in comparison to pure
helium [16]. Several studies focused on different oxy-
gen admixtures as a feed gas for APPJ applications.
They showed improvement in inactivation efficiency
on different clinically relevant microorganisms, such
as E. coli [144], Pseudomonas aeruginosa [145], Lis-
teria monocytogenes, Salmonella Typhimurium [146],
ESKAPE pathogens [147], and even viruses [148].
More in-depth investigations using different biochem-
ical approaches (focusing on specific cell components)
revealed that plasma not only generates high RONS
concentrations in the gas phase but also causes accu-
mulation of ROS inside bacterial cells. The fluorescence
probe HoDCFDA revealed the accumulation of intra-
cellular ROS in S. aureus cells during APPJ treatment
while the membrane stayed intact up to a particular
exposure dose. After exceeding a threshold, the bacte-
rial defence mechanisms could not neutralise the reac-
tive products; the membrane structure showed dam-
ages and leakage leading to death [149]. Accumulation
of intracellular ROS in E. coli, S. aureus and P. aerug-
1nosa was also observed by Lunov et al. They showed
short exposure times could trigger mechanisms similar
to programmed cell death in eukaryotic cells while long
exposures lead to physical damage and destruction of
bacterial cells [17]. Lackmann et al. demonstrated that
plasma jet generated species in addition to physical
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damage of cell wall also caused significant modifications
of DNA and proteins [144]. When the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) enzyme was used
as a model protein and exposed under dry conditions,
the inactivation was less efficient than when exposed in
the cell environment [144].

Cells in a natural environment are typically sur-
rounded by a moist environment, which presents a bar-
rier for plasma species in the gaseous phase to directly
attack microbial cells. ROS and RNS generated in the
gaseous phase are transported through the plasma-
liquid interface where the secondary RONS in liquid
medium are formed. Typically, many of the strong
antibacterial effects are predominantly attributed to
reactions related to peroxynitrous acid, that forms
under acidic conditions and degrades into OH- and
NOg;- radicals [150-153]. RNSs inactivation mechanisms
were suggested to be dominant in the aqueous environ-
ment and were related to intracellular nitrosative stress
processes causing damage on membranes, nucleic acids
and proteins [154]. Plasma liquid interactions have been
gaining increased interest in the field of plasma science
and technology. The intensive research is going on that
complex topic and it’s beyond the scope of this review.
For detailed review refer to Bruggeman et al. [155].

Electric fields can also impact the viability of microor-
ganisms. The intrinsic properties and integrity of cell
membranes were observed to change when electric fields
of high strengths (20kV/cm) and in the form of short
pulses (us) were applied [156], such fields are typical in
an APPJ. With a sufficiently high electric field, inacti-
vation can occur due to reversible or irreversible mem-
brane permeabilisation. The transmembrane potential
value of 1V is believed to be a critical threshold for
breakage of the lipid bilayer. Estiface et al. compared
the effects of oxidative radicals and electric field on E.
coli inactivation using a pulsed electric field reactor
configuration [157]. They demonstrated electric field-
induced extensive damages in the cell wall, and plasma
generated radicals did not directly inactivate bacte-
ria, but the presence of holes made beforehand by the
electric field provoked extensive damage. Dezest et al.
found similar conclusions when they treated E. coli
with different mixtures of helium with nitrogen and
oxygen [158]. According to their results, oxidative stress
caused significant damage to the membrane and pro-
teins, but the electrical field and charged particles were
found to play a significant role as well [158].

Numerous Gram-positive and Gram-negative bacte-
ria have been exposed to an APPJ yet due to the wide
variation in plasma characteristics it is difficult to draw
a firm conclusion on which group of bacteria is the
more susceptible to plasma treatment. The tendency
from most studies reported is that G- were more sensi-
tive compared to G+ species. Helium plasma jet experi-
ments performed by Sharkey et al. showed that G- bac-
terial cells of E. coli, P. aeruginosa, K. pneumoniae
required significantly less time to reach the same level
of inactivation than bacteria belonging to G+ under
the same experimental conditions [159]. Several studies
were in agreement with these observations [160-162].
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The difference in sensitivity was linked to the cell struc-
ture differences of both groups. The cell wall of Gram-
positive bacteria consists of a thick peptidoglycan layer
ranging around 20-80nm. Whereas, the cell wall of
Gram-negative bacteria is thin, 8-12nm but chemi-
cally more complex. The peptidoglycan layer location is
between the plasma membrane and outer lipopolysac-
charide membrane. Correlation between reduction and
cell wall thickness showed that bacteria with thicker
cell wall resist plasma exposure to a higher extent [163].
Direct APPJ with air as feeding gas, showed significant
differences after treatment under identical experimental
conditions in the morphology of E. coli and S. epider-
midis cells. The cells of E. coli were destroyed, whereas
the S. epidermidis cells did not show any damages [164].

The focus on biofilms in the plasma community has
a recent surge of interest, and numerous studies have
shown that APPJ’s have the potential to be an effi-
cient tool for elimination of biofilms. Biofilms are an
assembly of microorganisms developing in extracellular
polymeric substance; the latter is an arrangement of
polysaccharides, proteins, lipids and extracellular DNA.
The medium facilitates the development of the bac-
teria and protects against antibacterial agents. Typi-
cally, biofilms require longer exposure times for com-
plete eradication compared to unprotected planktonic
cells [147]. The treatment of bacteria by APPJ showed
tolerance and susceptibility discrepancy between single-
species biofilm and polymicrobial communities, and
also in the case of ESKAPE (FEnterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enter-
obacter spp.) biofilms [165].

Different penetration depths of RONS into biofilms
were reported [149,166] even though few charged species
and highly reactive neutrals extend beyond the plasma-
samiple interface. The decontamination efficacy discrep-
ancy observed is dependent on the structure of the
biofilm, the organisation of bacteria in microcolonies
embedded in an extracellular matrix and connected to
a surface. It is estimated that the water content of a
biofilm can be as high as 90 % [167]. The complex-
ity of the structure as well as the presence of water
can both hinder and support the transport of reac-
tive species; minimising the transmission of gaseous
phase RONS whilst supporting the transport of aque-
ous phase species through the matrix. Regardless of the
type of treatment, it has been shown that short-lived
species, such as atomic oxygen, are unable to propagate
beyond the liquid surface [168,169]. Despite this, reac-
tive species such as hydroxyl radicals, hydrogen per-
oxide, NO5 /NO3 and peroxynitrite, can be formed in
the bulk liquid through secondary reactions involving
longer-lived plasma generated species. Indeed, Xiong et
al. demonstrated the efficacy of a plasma jet upon a
biofilm composed of 30 layers of Porphyromonas gingi-
valis (15 wm), they identified the crucial role of excited
O and OH in the deactivation of the bacteria and dam-
aging the outside membrane [166]. Xu et al. showed
with a He/O2 APPJ a reduction of bacteria popula-
tion of 85% after 5 min of treatment and a depth reach
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of 15 um, the cell shape was also deformed during the
treatment [149].

Table 1 provides an overview of the recent literature
examining the antimicrobial effect of an APPJ on var-
ious clinically relevant pathogens.

5.2 Wound healing

Chronic wounds represent a considerable burden for
healthcare systems all over the world, which typi-
cally develop from burns, pressure ulcers, surgical site
infections and diabetic foot ulcers. Application of low-
temperature plasma to decontaminate wounds and/or
stimulate healing have shown some promise in recent
years, using both in vitro models as well as in vivo stud-
ies and even in clinical trials. As in the case of decon-
tamination experiments, the use of numerous varieties
of plasma sources makes it difficult to generalise the
results of different research groups. Despite the effec-
tiveness of APPJ’s for the decontamination of microor-
ganism, wound healing is a far more complex process;
requiring more than just decontamination, it involves
the coordination of several cellular processes, such as
inflammation, hemostasis, proliferation, remodelling of
collagen and angiogenesis [170]. The plasma ability to
induce programmed cell death mechanism was a major
motivation toward the development of plasma medicine.
One of the challenges related to wound decontamination
is to tailor the plasma conditions to achieve an efficient
bacterial kill on one side and improved proliferation and
migration of cells on the other, without causing lethal
damages to the skin tissue.

Fibroblasts and keratinocytes are essential in the
wound healing process, responsible for the production
of collagen, which leads to the formation of rudimentary
granulation tissue and of extracellular matrix (ECM).
Proteases released by fibroblasts later aid the remod-
elling of ECM [171]. As such, they were widely used
as in vitro cell models for wound healing, also in con-
nection with plasma treatments. Brun et al. demon-
strated that plasma generated with a helium APPJ
induced proliferation and migration of fibroblast-like
primary cells [172]. The plasma jet treatment promoted
the fibroblast proliferation by inducing the generation
of ROS and altering the cell cycle progression [20,173]

Short exposures of an argon APPJ (15s) on murine
fibroblasts cells L929 led to increased cell viability,
whereas the 25s exposure resulted in a significant
reduction of viability [174]. The same cell line was also
examined in the studies of Liu et al. [173] and Shi et
al. [20], where improved proliferation rates after argon
plasma treatment resulted in increased DNA synthe-
sis in S phase of cell cycle. Similar improvements were
observed on keratinocytes [175-177].

These studies provided evidence that increasing lev-
els of intracellular RONS mainly cause plasma-induced
proliferation and migration. In physiological conditions,
RONS are generated in macrophages in the inflam-
mation phase, when several growth factors, cytokines
and enzymes are released controlling cell proliferation
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and angiogenesis. Consequently, the RONS produced
by plasma have the potential to influence these pro-
cesses. In vitro cell models allow quantitative measure-
ments of effect on specific type of cell-only and can
add only a small piece to the puzzle of understanding
the complex mechanisms involved in the wound healing
process, where other cells and tissue components are
involved. Several plasma-based studies have been done
on animal models, mostly on rats [160,178-180] and
mice [181,182]. Using an endoscopic based plasma sys-
tem the porcine gastrointestinal tract was subjected to
a COq plasma jet, resulting in earlier recovery without
damaging the treated region [183].

Unfortunately, no animal model can replicate human
skin and human wound healing mechanisms. The argon
based kiNPen developed at Leibniz Institute for Plasma
Science and Technology is one of the first accred-
ited low-temperature APPJ medical devices (class
Ila) [180]. Since 2013, several plasma devices have
been CE-certified, besides kiNPEn® MED; includ-
ing Adtec SteriPlas (Adtec Plasma Technology, Adtec
Europe, Hunslow, UK) and PlasmaDerm® (CINOGY
GmbH, Duderstadt, Germany). The accreditation of
APPJs has enabled the use of plasma devices on
patients, with numerous treatments of infected wound
and infectious skin being successfully performed [184-
195].

Arndt et al. made a comparison between kIN-
Pen and Adtec SteriPlas devices, also referencing
recent results [196]. The plasma treatment effective-
ness was observed primarily in promoting the gener-
ation of a barrier between the wound and the envi-
ronment (re-epithelialization), decreasing the size of
the wound and regulating the expression of inflam-
matory genes [19]. A summary of suggested molecular
and cellular effects initiated by plasma exposure dur-
ing wound healing is detailed in Arndt [196], while the
penetration of reactive species in a tissue model is pre-
sented in the review article of Szili et al. [196,197].
A summary of recent papers on the use of APPJ’s
used in wound healing applications is presented in
Table 2.

The use of the APPJ as a tool for human treatment
raises concerns over their safety. Despite the promise
shown in many studies on animals and human, the rel-
atively short term nature of these studies do not cap-
ture longer-lasting effects. Schmidt et al. conducted
a follow-up risk assessment on plasma wound treat-
ment of mice, demonstrating no destructive effect a year
after the study [198]. Moreover, Metelmann et al. did
a longer-term study of laser lesion treatment with a
plasma jet; after a year, the observations show encour-
aging results and no precancerous skin [185]. Certainly
the longer-term studies conducted to date show consid-
erable promise, yet further studics and clinical trial are
certainly required.
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6 Conclusion/future perspectives

It is clear from this review that the APPJ is an
extremely versatile tool for use in biomedical appli-
cations. Significant progress has been made over the
past 2decades to unravel the complexity involved in
the interaction of non-equilibrium plasma with liv-
ing tissues. Early works to uncover the nature of the
plasma plume, including the physical processes driv-
ing the ionisation wave and the resulting reactive cock-
tail of chemical species created have paved the way to
a new field of research focusing on the interaction of
plasma with liquid. The use of sophisticated diagnostic
techniques has highlighted the importance of the fluid
dynamic interactions occurring at the plasma-gas and
plasma-sample interfaces, which serve to increase the
reactivity of the discharge through the entrainment of
species from the background environment. Recent stud-
ies combining experimental measurements and com-
putational modelling of an APPJ have demonstrated
the power of this combined approach to uncover new
insight into the interactions between the discharge, the
flowing gas, and ultimately, the effect on the target.
Although the simulation of transient and cumulative
effects over short (ns) and long (few hundreds ms)
timescales associated with kHz excited APPJs are a
challenge, advances in model approaches and computa-
tional hardware mean this is now increasingly acces-
sible. It is also clear that plasma generated RONS
reaching a biological target, either directly or via a
liquid medium, can elicit a wide number of differ-
ent responses either through their independent inter-
action or through acting in synergy with other compo-
nents. Increasingly sophisticated microbiological tech-
niques have been applied to understand the impact
of plasma exposure on bacteria, and now much is
known about the underpinning decontamination path-
ways.

While significant progress has been made and it
is now beyond doubt that APPJs are an excellent
choice for microbial decontamination and wound heal-
ing applications, several key challenges remain. Per-
haps the most pressing concern is the variability in
RONS generation due to changes in environmental or
sample conditions; any successful healthcare technol-
ogy must be predictable and repeatable, hence future
efforts should be directed towards the implementa-
tion of strategies for the continuous monitoring and
control of RONS generation. While the application
of sophisticated diagnostic techniques, such as laser-
induced fluorescence, are unrealistic for in-situ moni-
toring; the application of optical emission or absorp-
tion spectroscopy is a realistic prospect to give an
indication of RONS production and the day-to-day
repeatability of the process. Such efforts could be fur-
ther improved by comparing diagnostic data against
those predicted from computational models, such as
collisional-radiative models, in real-timec. While mon-
itoring the composition of RONS reaching the tar-
get is a vital first step to ensure repeatability, act-
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ing on the data captured to dynamically alter the
plasma generating conditions to manipulate the pro-
duction of RONS remains perhaps the greatest chal-
lenge. To overcome this challenge, feedback from the
sensor to the power source will be essential, yet
beyond simply varying the applied voltage or fre-
quency it is not clear how the actual composition of
RONS in the plasma could be varied to negate against
changes in the external environment. Recent efforts in
the area of Machine Learning have certainly shown
promise in safety-critical applications, where precise
control of plasma parameters is a prerequisite [199];
paving the way for intelligent control of RONS gen-
eration.

Ultimately, it is clear that the use of APPJs in
biomedical and healthcare applications holds enormous
promise in areas of enormous clinical need. Research
efforts into APPJ technology have made enormous
progress, and our growing knowledge and understand-
ing of the underpinning mechanisms the widespread
adoption of APPJ technology in the clinic is becoming
a real possibility.
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Appendix A: Plasma jet treatment of bac-
teria, virus and fungi

See Table 1.
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Appendix B: Plasma jet treatment of animal
and human wounds

See Table 2.
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