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Abstract This paper presents the development of a model framework for plasma-biofilm
and plasma-tissue interactions that can link molecular simulation of plasma chemistry to
functions at a cell population level or a tissue level. This is aided with a reactive pene-
tration model for mass transfer of highly transient plasma species across the gas—liquid
boundary and a panel of electrical and thermal thresholds considering pain sensation,
protein denaturation and lethal electric currents. Application of this model reveals a
number of previously little known findings, for example the penetration of plasma
chemistry into highly hydrated biofilms is about 10-20 pm deep for low-power He-O,
plasma and this is closely correlated to the penetration of liquid-phase plasma chemistry
dominated by O,~, H>O,, and HO, or O,~, H,0,, and O5. Optimization by manipulating
liquid-phase chemistry is expected to improve the penetration depth to 40-50 pm. For
direct plasma treatment of skin tissues at radio frequencies, the key tolerance issue is
thermal injuries even with a tissue temperature <50 °C and these can lead to induction of
pain and protein denaturation at a small discharge density of 8—15 mA/cm” over few tens
of seconds. These and other results presented offer opportunities to improve plasma-
biofilm and plasma-tissue interactions. The model framework reported may be further
extended and can be used to non-biomedical applications of low-temperature plasmas.
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Introduction

Recent years have witnessed an increasing interest in studies of biological effects of near
room-temperature ambient-pressure gas discharges (commonly known as cold atmospheric
pressure plasmas or CAPs) [1, 2], some of which have already reached the stage of routine
clinical use or successful phase-II clinical trials [3, 4]. A great deal of evidence has been
reported of CAP-induced cellular effects such as microbial inactivation and apoptosis of
cancer cells [1, 2], while much less is known of how plasma may effectively impact on
microbes embedded in a biofilm and on cells growing in a tissue. Beyond the clinical arena,
there are numerous other applications of CAPs including decontamination of polluted air
and wastewater [5, 6], surface modifications to biomaterials [7, 8], and food and agriculture
applications [9—11]. As the atmospheric pressure plasma technology is being advanced for
biology and medicine, new and significant challenges are emerging. Two common ques-
tions from the user communities of CAPs are whether plasma-facilitated biomedical effects
could be reproduced reliably, and how efficiently plasma agents may be transported into
the depth of biofilms and living tissues. While obvious and logical, a satisfactory answer to
these fundamental questions requires considerable advance beyond the current
understanding.

Driven by electrons with a mean kinetic energy of a few electron volts, CAPs produce
many types of reactive and modestly energetic agents such as charged particles, reactive
species in ground, excited and metastable states, photons with energy typically below
6-8 eV (or wavelengths above 4 = 180-200 nm), and thermal deposition typically having
a characteristic gas temperature in a 300-400 K range. Heat fluxes and space-charge
electric fields dynamically set up by the plasma are capable of exerting a physical force on
cells and tissues [12-14], whereas reactive species and photons are often involved in a
complex and evolving chain of chemistry of typically over 1,000 reactions [15-21]. These
highlight a vulnerability to potentially cascading variations triggered by a small change in
the physiochemical properties of the plasma, and hence to variations in the plasma’s
biomedical effects. Given the inevitable presence of liquid on and in living tissues, a
further variation arises from the currently limited understanding of physics and chemistry
of liquid-containing plasmas. Technological solutions are being developed to control
factors affecting plasma interactions with cells and tissues, for example the rise of the gas
temperature [22] and the change in the ambient gas composition [23]. At present however,
such technology solutions alone are inadequate to ensure reproducible plasma-facilitated
biomedical effects and to improve plasma access to cells embedded in biofilms and tissues.
In this context, a critical knowledge gap is a quantitative framework with which to analyze,
understand, and improve how low-temperature plasmas interact with biofilms and living
tissues.

A central issue in plasma-biofilm and plasma-tissue interactions is concerned with mass
and heat transfer as well as electrical penetration of plasmas into biofilms and tissues.
Plasma penetration into biofilms and tissues, in terms of the transfer of chemically reactive
species, heat, and electrical energy, is one of the most fundamental topics in plasma
biomedicine, since it dictates how effectively plasma-induced cellular effects may be
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reproduced in vivo and hence translated into therapeutic solutions. Biofilms are known to
be a key mechanism of persistent infection and antibiotic resistance [24], whereas infected
tissues and solid tumors impose considerable limit to penetration of antibiotics and anti-
cancer drugs [25, 26]. Limitation mechanisms for drug penetration are however different in
biofilms and in tissues. Highly hydrated with 69-93 % water content [27], a biofilm
represents a considerable barrier to effective penetration of antimicrobial agents with the
largest contribution being from catalytic reactions and minor roles being attributed to
diffusion and sorption [28]. This is not dissimilar to a much-increased quenching rate of
small reactive plasma molecules in liquid compared in atmospheric air. For example, OH
radicals are detected in ambient air some 28 mm downstream from an atmospheric argon
plasma using an UV cavity ring down spectroscopy [29] whereas in an aqueous envi-
ronment they are known to be quenched within 10 nm. This similarity suggests that it is
appropriate to explore and develop a diffusion—reaction model for description of plasma
penetration into biofilms.

For penetration into living tissues on the other hand, the tissue structure and the cell
membrane present significant restriction to the delivery of drugs and by large this could be
mitigated only by the availability of pores and channels [30]. Even with smaller molecular
weights, biologically significant plasma species are likely to be restricted similarly and
need similar pores and channels for penetration. A more penetrating interaction of plasmas
with tissues however is through electrical current and heat, as demonstrated recently in a
series of excellent modeling studies of electric field propagating down wound-caused
gaseous channels through living tissues [31, 32]. In the absence of plasmas, biological
effects of electricity and heat are known, for example electroporation [33] and heat-
induced pain [34], which may be studied from a starting point based on the Poisson and
heat-transfer equations supported with experimental data [35]. A focus on electrical and
thermal propagation into tissue is key to understand macroscopic penetration of electric
current and heat delivered from CAPs to an intact mammalian tissue so as to understand
the likelihood of pain and burn (tissue tolerance) and to examine the possibility of plasma-
based hyperthemia. At present, these important issues have rarely been addressed in lit-
erature. The focus on electrical penetration will lay an important basis for future studies of
electrically enabled membrane pore formation [30, 33] and indeed electrically modulated
generation of reactive oxygen species (ROS) in cells and tissues. The latter is inspired by
the fact that ion channels on the mitochondrial membrane are central to many cellular
functions and their electrical modulation is directly related to production and loss of
reactive oxygen species such as superoxide [36]. This suggests that electric field and
reactive oxygen species may be directly related to each other intracellularly and in tissues
without the involvement of ionized gases. With ROS and electric field being essential CAP
constituents, CAP impact on mitochondrial membranes is of great interest to plasma
physics and direct relevance to cell biology. It is therefore both desirable and feasible to
establish a unified theoretical framework of quantitative description of how electrical,
thermal, and chemical effects of CAPs are transported into biofilms and tissues, and how
these transport properties may be translated to cell and tissue functions.

This study aims to provide a model framework of quantitative description for plasma
interactions with biofilms and tissues from the first principle aided with experimental data
when possible, with a focus on how plasma induced electrical, chemical and thermal
effects may propagate into biofilms and tissues. For biofilms at the first glance, this appears
to be a classic mass transfer problem between two fluids [37] albeit with underpinning
chemical reactions, the participation of moving ionic species, and a possible presence of an
electric current. Yet a close look reveals the dominant role of transient chemical reactions
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in CAPs with timescales as short as nanoseconds. A central question is how knowledge of
plasma mass transfer may be related to the efficacy of microbial inactivation. The need to
link to tissue function (e.g. pain and injury) is similar in the case of tissues. In this study,
we will consider three regions, namely the plasma-generation region, an interfacial region
between the plasma region and a biological sample, and the biological sample region (i.e.
either a biofilm or a tissue). Reactions and transport of plasma-produced reactive molecules
are considered when mass transfer is possible (i.e. in the case of biofilms), whereas bio-
molecular and cellular effects are indirectly included using either biophysical models or
experimental data. Electrical fields set up by an external voltage and space charges are
considered for all three regions, and thermal effects are considered for plasma-tissue
interactions given the connection to hyperthermia and thermal dose control against burn
[38, 39]. A model based on the above premises should be appropriate for investigations of
(1) penetration and evolution of plasma chemistry into biofilms and (2) electrical field and
temperature profiles through skin and into subcutaneous tissues with direct implication of
electrical and thermal tolerance. There is a large body of computational molecular biology
[40] and computational system biology [41], some supported experimentally, and such
models can indeed be added to the theoretical framework reported here at a future point.
This work represents a first attempt to develop a quantitative framework capable of ana-
lyzing existing experimental evidence of plasma interactions with biofilms and tissues and
extendable to include suitable models of neighboring scientific subject areas.

In section “Model Development”, the model and its development are detailed, begin-
ning by placing the importance of this work in a historical context, for both plasma-biofilm
and plasma-tissue interactions. A particular focus is placed on how mass transfer of plasma
species through the gas—liquid boundary may be modeled with highly transient chemical
reactions and how macroscopic electric and thermal fields may be related to tissue func-
tions. Justifications based on either comparison with experimental data or existing models
of biofilms or tissues are provided when appropriate, whereas aspects in the model for
future improvement are also discussed. With the model established, results of plasma
penetration into biofilms are represented in section “Result and Discussion” with a focus
on chemical reaction chains underpinning main plasma species and in comparison with
existing experimental data of plasma inactivation of biofilm-forming bacteria. Also pre-
sented in Section “Result and Discussion” are results of plasma-tissue interactions with a
focus on electrical and thermal tolerance. Finally discussions and conclusions are sum-
marized in section “Concluding Remarks”. The quantitative model reported here is aimed
at biomedical applications, but should be useful for plasma treatment of wastewater [6] and
plants [9].

Model Development
Historical Note

The importance of a quantitative description for plasma interactions with biological
matters is best illustrated by the experience of the first era of the plasma biomedicine
research between 1900 and 1980’s. The then central question was whether negative air
ions, almost inevitably produced by ambient pressure gas discharges, may have biological
effects particularly on human health [42—44], and the interest was stimulated by the award
of the 1906 Nobel Prize in Physics to JJ Thomson for the discovery of the conduction of
electricity in gases. Initial studies using animals were gradually replaced by the use of the
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simpler life form of bacteria [45, 46]. However scientific studies before 1960’s were
primitive without adequate control of experimental conditions and without the full benefits
of molecular biology. This formed an unfortunate marriage with an overenthusiasm of air
ion generator manufacturers, leading to a few tens of claims including reduced bacterial
and fungal growth, decreased cancer cell growth, increased healing of ulceration as well as
improvement of learning and cessation of pain from burns [47]. Where some of those
claims have been confirmed at a molecular level or/and in randomized clinical trials much
later during the current era of plasma biomedicine (from 1990’s onwards) [3, 4, 48-52],
many were then little substantiated and suffered from inconsistency and irreproducibility.
This led to controversies and eventually a FDA sanction on sales of all air ion generators in
1950’s [47].

Scientifically it was fortunate that several large research programs were able to continue
post 1950’s. An example was the work of Krueger and co-workers at UC Berkeley. They
used an ambient air corona discharge, an example of which is shown in Fig. 1, to study its
treatment of a downstream bacterial sample. Their studies highlighted several aspects of
the prevailing experimental protocols that may have contributed to the inconsistency of
results before 1960’s, and these included [53]:

(1) neglect of the role of neutral species such as ozone and oxides of nitrogen (i.e.
plasma chemistry);

(2) failure to measure and control ion density, gas temperature and environmental
humidity (i.e. detailed plasma diagnostics and local environment control);

(3) failure to control variation in ion density due to ambient particulates and gas
pollutants (i.e. local environment control);

(4) failure to ground the sample leading to a time dependent increase of electrostatic
field of deposited charges.

In fact, they went on to study long-term effects of air ions and other plasma species from
corona discharges on rats and mice [46]. These studies have laid a valuable foundation of
scientific substances for today’s plasma biomedicine research. The current endeavors for
biomedical applications of low-temperature gas discharges are in a much better position
also because of scientific advances made elsewhere, for example the technological
breakthrough for stable ambient pressure plasmas [55], the substantial advance in low-
temperature plasma physics in terms of both laser diagnostics and large-scale computer
simulations [56], and full establishment of molecular biology [57]. Critically, FDA and the
regulatory bodies in Europe have since 1980’s approved several plasma-based technologies
[3, 58, 59]. Nevertheless, the historical lesson discussed above should motivate a critical
diligence of achieving robust reproducibility of plasma-facilitated biological effects. In this
context, it is highly desirable to acquire an ability for quantitative analysis of plasma-cell
and plasma-tissue interactions to aid their control, monitoring and improvement.

Plasma-Biofilm Interaction Model

Three regions are involved in plasma-biofilm interactions, namely the gaseous plasma
generation region (i.e. a gas bulk), the biofilm region modeled as a semi-infinite liquid
bulk, and the gas-liquid boundary region as shown in Fig. 2. A plasma-biofilm interaction
model needs to accurately describe mass transfer together with related chemical processes
within each region as well as those cross the gas—liquid boundary. For the biofilm and for
the gas—liquid boundary however, existing models tend to consider solutes with much less
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reactivity than reactive plasma species and therefore their direct applicability to Fig. 2
must be re-examined in light of the very transient nature of plasma reactions. For mass
transfer through a gas—liquid boundary, the majority of the current models usually assume
that the mass transfer is through a thin boundary layer sandwiched between a gas bulk and
a liquid bulk, with their molecular transfer limited mainly by diffusion and their chemical
reactions, when present, having secondary effects [60-62]. Although no assumption should
be made of a sharp line of demarcation between a bulk fluid and the boundary layer [60],
the two bulk fluids and the boundary layer are nevertheless considered to have distinct
different characteristics. This encourages, at this early stage of theoretical development, an
approach of a compartmental modeling than integrated modeling [60-62]. The approach
proposed for the plasma-biofilm interaction is to model the plasma and the biofilm regions
separately, to develop a mass-transfer model for the gas-liquid boundary region, and
finally to link them together through appropriate boundary and constrain conditions.

Gas Bulk Region

The gas bulk region (i.e. the plasma generation region) can be well characterized by a fluid
treatment with a comprehensive account for the mass and heat transfer in the space between
the two electrodes, the underpinning electron kinetics, and the related plasma chemistry.
Here, the gas discharge is sustained between two parallel electrodes having an atmospheric
pressure He—O, gap of 2 mm and excited at 13.56 MHz and 40 W/cm®. The power density
chosen is not untypical experimentally, and the O,/He ratio = 0.1-10 %. For a plasma-on
timescale of no more than 60 s at 40 W/cm® (a common timescale for plasma treatment of
biological samples), plasma-generated heat does not give rise to too much an increase in the
gas temperature when the electrodes are cooled with circulating water. This is a reasonable
first approximation as thermal dehydration of a biofilm could lead to a reduction of biofilm
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Fig. 2 A plasma-biofilm interaction model with the highly hydrated biofilm modeled as a liquid bulk of
infinite depth and separated from the modeling of plasma generation and the gas—liquid interfacial layer.
Wall fluxes of reactive and other plasma species obtained from the 1D fluid plasma model are used as the
input parameters for the liquid phase modeling (including the interfacial layer). For the liquid phase, a
modified penetration model is used with account of chemical reactions and a spatially evolving electrostatic
field of drifting charged plasma species, for the interfacial layer (pressure balance modeled with Henry’s
law) and the liquid bulk

+ Reaction Chemistry
+ Poisson Equation

porosity and so compromised plasma penetration. Inclusion in the model of gas temperature
calculation is feasible and will be considered for future studies. This is expected to have
modest influence on the concentrations of plasma species but the overall pattern of gas-
phase plasma chemistry. The simulation of plasma generation and dynamics is based on a
one-dimensional fluid model using a diffusion-drift approximation [63], aided with direct
experimental validation [64, 65] and being comparable to other fluid models of CAPs [66—
68]. The diffusion-drift assumption of the fluid model is based on the fact that the collision
frequency of CAPs is much higher than its driving frequency and the mean-free path length
is small compared to the Debye length [69]. The electron energy distribution function is
obtained by solving the Boltzmann equation with BOLSIG+-. The fluid model is supported
favorably by direct comparison between results of the diffusion-drift approximation and
those of kinetic simulation for radio-frequency microplasmas [68, 69], and therefore it can
reliably describe electron kinetics and dynamics.

To adequately include reaction chemistry in the fluid model, a global model is used to
screen and rank chemical reactions in terms of species concentrations and the significance
of a given plasma agent in the reactions it participates [70, 71]. Plasma species and relevant
reactions thus selected are then used in the one-dimensional fluid model and iterations are
taken place between the global and the fluid model to ensure no unjustified omissions [63,
72]. The plasma chemistry model includes 21 plasma species and 267 chemical reactions
between them, identical to those considered and detailed in Ref. [70]. Wall fluxes of
relevant plasma species onto the liquid-facing electrode are assumed to leave the gas bulk
without loss, and at O,/He = 1 % the time-averaged concentrations and the wall fluxes are
given in “Appendix 17 (the first three columns). The gas phase simulation is performed
independent of the two other regions (i.e. the gas—liquid boundary region and the liquid
bulk), as an approximation and assuming little participation of vaporized species in plasma
chemistry. This scenario can be realized in practice by operating at low electrical power
density and adding a gas diffusion buffer region between the liquid-facing electrode and
the liquid surface. The effect of water vapor itself is considered in the gas—liquid boundary
region.
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Liquid Bulk Region

A liquid bulk may be used to model biofilms [73], given their highly hydrated state with a
water content to be 69-93 % [27]. It is known that the transport of small solutes through a
biofilm is dominated by diffusion and to a lesser extent by chemical reactions and with
sorption playing a negligible role [73]. Such solutes may be directly modeled involving
complex reactions with cellular components (e.g. proteins) and extracellular components
[40]. However they may also be modeled indirectly by introducing the concept of effective
diffusion coefficients, D., by comparing the diffusion coefficient of a given solute in pure
water (D,q) to an experimentally derived diffusion coefficient for the solute [74]. The
relative effective diffusion coefficients, D./D,q, vary between 0.2 and 0.8 with ammonium
at 0.8, oxygen, nitrate, and nitrous oxide at 0.6-0.7, and sucrose and glucose at 0.2-0.3
[73]. Reduction in the diffusion coefficient from its value in pure water is within one order
of magnitude [74, 75], reflecting modest reactivity for solutes typically associated with
biofilms and their antibiotics, and this is fundamental to the concept of an effective dif-
fusion coefficient. By contrast, reactive plasma species can have much shorter lifetimes
with the timescale of electron impact reactions, charge transfer and recombination, and
neutral reactions in the gas phase ranging from a few tens of nanoseconds to a few tens of
microseconds. These are at least 3—4 orders of magnitude below a typical diffusion
timescale of a few seconds over a distance of a few millimeters [19]. In the liquid phase,
reaction timescales of plasma species are expected to be even shorter [29, 76] and the
diffusion timescale longer. The use of an effective diffusion coefficient is likely to
deemphasize or even remove the role of short-living species (e.g. O/O*, O,*, OH), even
though it may be reasonable for long-living species such as H;O, and Os. This suggests
that a diffusion-reaction model is both appropriate and necessary. Importantly, production
and loss of many plasma species are characteristically interwoven together and little is at
present understood of how a small group of desirable plasma species (for biological
effects) may be produced, lost, and transported in liquid. As plasma species are transported
through a hydrated biofilm, short-living plasma species are dropping out of the in-liquid
plasma chemistry resulting in either a boost or a reduction in their support to the generation
of longer-living species. Also liquid-phase reactions unsupported in the gas phase may kick
in both to enhance penetration of decaying short-living species and, more importantly, to
create liquid-phase reactants (e.g. OH and HO,). These and other interwoven generation/
loss pathways in the liquid phase must be delineated by directly including relevant
chemical reactions in the model. Finally drift due to the electric field of penetrating
charged particles needs to be considered also.

Here, the liquid bulk is assumed to have a thickness of 10 mm, much larger than the
typical thickness of a biofilm for the liquid bulk to be treated as semi-infinite. With a
diffusion—reaction model for the liquid bulk, the transport of plasma agents with ongoing
chemical reactions between them and with water molecules is given by

2
o o
where C;, is the concentration of the element i, D;, is its diffusion coefficient in the liquid,

and R;, the rate of chemical reactions associated to the element i (subscript / is denoted to
liquid). The flux of the element i is

+ 2R;; (1)

aCi,
Iy =-D;— 2
i T (2)
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However the above description does not apply to cases where an element is electrically
charged and the charged element is also driven by a space-charge electric field set up by all
charged elements in the liquid bulk. With charged species taking into account, the flux of a
charged element now has two terms, one due to diffusion I'; 4+ and the other due to drift
I'; 4risr» or mathematically [77, 78]

I'iy=Tiagig + Tigiy = —DiyVCiy + Zi,ui,lCiJFE/NA (3)

where z; and y; are respectively the ion charge number and the mobility of the charged
element, E is the electric field, and F and N, are respectively the Faraday constant and the
Avogadro constant. As a result, Eq. (3) becomes

oC; .
a7 = V(= DiVCi + aipy CuFE/Ny) = IRy (4)
The electrostatic field established by charged elements is solved from the Poisson equation:
OFE
a = ZZ,‘@C,‘J/S (5)

with ¢ being the permeability of the liquid and F/N, having been replaced with the electron
charge e. Liquid-phase chemistry is described with 19 species (e, O, O, O3, OH,
HO, ™, H', O, O(1d), Ox(a), O,, O3, H,0, H, H,, HO,, HO;, OH, H,0,) and 84 chemical
reactions among them (see “Appendix 2” and references therein [79-83] ). He species in
both metastable and charged states are not included due to their low fluxes and their escape
from the boundary region due to the lightness of helium. It is worth noting that rate
coefficients of aqueous reactions involving electrons are obtained from reported electrol-
ysis experiments [79] rather than from exact formula that depend on electron energy. This
is because rates of liquid-phase reactions involving low-energy electrons of 0.1-5 eV are
scarce [84] and the effects of modestly energetic electrons in liquid are not fully under-
stood [85]. For the study reported here, electron impact reactions in liquid with electron
energy dependent rate coefficients are not directly accounted for nor considered to be
critical at this stage, partly because electrons entering the liquid have much lower kinetic
energy than in the plasma-generation region and the threshold electron energies for dis-
sociation and ionization are much higher in liquid than in gas. Similarly, effects of photons
are not considered since photon emission is not strong in He—O, plasmas [86] and photon
absorption is likely to be significant in the gas buffer region between the liquid-facing
electrode and the gas-liquid boundary. Nevertheless the model based on Egs. (1)-(5) does
not preclude future inclusion of the effects of modestly energetic electrons and photons
when rate coefficients of relative reactions involving them become available and fully
established.

To solve the above equations, diffusion coefficients of liquid-phase species are listed in
“Appendix 3”. To link to mobility, we note that diffusion coefficient of a particle in a
liquid depends on its radius, r;, the viscosity of the liquid, #;, and the liquid temperature 77,
and is given by [87]

D,‘J = kT1/67tr,~11, (6)

where k is the Bolzmann constant. Using the Nernst-Einstein equation [88], the drift
velocity of an ionic species may be obtained from

tiy = zieD; /KT (7)
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For the liquid-phase species, their diffusion and mobility coefficients are listed in
“Appendix 3” with their source references. At the gas boundary of the liquid bulk, con-
centrations of neutral and charged elements at the gas—liquid boundary need to be supplied
as the boundary condition parameters from the simulation for the gas—liquid boundary (see
discussion in section “Gas-Liquid Boundary Region”). These boundary conditions are
discussed and provided in Section “Boundary Conditions”.

Gas—Liquid Boundary Region

For CAPs in contact with liquid, mass transfer across the gas—liquid boundary has been
modeled zero-dimensionally using a simple film model with an assumed film thickness
[89] and using a characteristic timescale of mass transfer [90], both with simple pheno-
nological plasma chemistry. A more recent study introduces a fuller plasma chemistry
using a global model also in zero dimension [91]. Though informative, zero-dimensional
treatments are in general inadequate to describe mass transfer. One-dimensional or multi-
dimensional descriptions of mass transfer across a boundary of a gas discharge with a static
and unstirred liquid has scarcely been reported in scientific journals so far, though dis-
cussed at very recent scientific conferences [92]. Without the involvement of gas plasmas,
mass and heat transfer between two phases (e.g. gas and liquid) is well studied, particularly
in chemical engineering and astrophysics. Two classic theories of mass transfer between
two phases are the film model and the penetration model [93—105], though the surface
renewal model [106] and the film-penetration model are also used [107]. The film model
assumes that steady-state molecular transfer is controlling over an often fixed distance (e.g.
a stagnant film) [93, 94], whereas the penetration theory assumes that the boundary region
is continuously replaced by eddies and that an unsteady state molecular transfer into the
eddies controls mass transfer across the boundary over a finite timescale [62, 105]. In the
latter case, physical stirring of the liquid is usually needed to ensure continuous replace-
ment of eddies. Chemical reactions and ionic species can be factored in, though reaction
chemistry considered so far in these plasma-free mass transfer models is normally regarded
to have little contribution to eddy mixing and rarely has a timescale as short as a few tens
of nanoseconds.

Direct application of existing mass transfer models is unlikely to be appropriate for
plasma species transfer across the gas—liquid boundary, due to the very wide range of
timescales of chemical reactions in plasmas. The classic film theory requires a relatively
thick boundary region over which the mass transfer can be regarded to be at a constant
velocity and in a steady state [108]. Yet as shown below in “Result and Discussion”, some
plasma species (e.g. O and O3) are extremely transient with nanosecond lifetimes in liquid
[71] and some (e.g. hydrogen peroxide) can be transported without much loss even after a
centimeter depth. These suggest a non-equilibrium and non-steady mass transfer. Plasma
species of very different lifespans are also closely coupled with each other in their gen-
eration and loss. Therefore it is inappropriate to force one length-controlled film (i.e. one
stagnant film) to capture the transport of reactive species of very different lifespans. On the
other hand, the use of the classic penetration model requires normally the liquid surface to
be well stirred physically to ensure good mixing between the transported solutes and the
liquid, but the physical stirring is usually absent in a plasma-biofilm interaction. As dis-
cussed above however, chemical reactions of plasma species in the liquid is very rapid and
the low concentrations of transported plasma species, compared to the water molecule
concentration, lead to their rapid dissolution with water. This suggests that a good mixing
of plasma species with the liquid may in fact be achieved chemically and through rapid
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dissolution, thus offering support to possible use of a penetration model with the caveat
that a good mixing is achieved chemically without physical stirring. Given the above
considerations for a penetration theory, the mass transfer of plasma species across the gas—
liquid boundary should take the following mathematical format:

oG, ’C;
o o2 ®)

The thickness of the unsteady boundary region is not fixed and is obtained from the
solution of Eq. (8). It should be mentioned that no subscript is used here to denote gas or
liquid as the boundary region is dominated by water vapor.

It is important to assess how rapid chemical reactions may influence incoming plasma
species on the gas-liquid boundary. Before gaseous plasma species enter into the liquid
phase, they are subject to reactions with water vapor near the liquid surface and also to re-
balance of partial gas pressure (e.g. O,, O3 and H,O for example) according to Henry’s law
[96, 97]. As liquid molecules are saturated in the liquid phase, we assume that water
molecules vaporizing from the liquid to the gas regions are also saturated near the
boundary surface. In other words, the concentration of the vapor water molecules is very
high in the gas-liquid boundary layer. On the gas side immediately next to the liquid
surface, a narrow region of a He 4+ O, + H,O plasma afterglow is likely to form.
According to a recent global simulation of plasma chemistry in He + O, + H,O mixture
[71], charge transfer reactions take place to produce ionic water clusters, such as
0,7 (Hy0)p212 and O3~ -(H,0),21_0, on the gas side of the boundary surface, for example

0; +H,0+M — O3 -H,0+M; O] +H,0+M — O3 -H,0+0,+M
05 -H,0+H,0 — H,0" - H,0 + 05;05 -H,O +H,0+M — 05 - (H,0), + M
H20+ -H,O+H,0 — H"- (H20)2 —Q—OH,O; . (H20)2 +H,0 — H*. (HzO)z +OH+ 0O,

©)

These water clusters become dominant ions even with low water vapor content of [H,O]/
[He + O, + H,0] = 1 %, whereas nonhydrated O, and O3, dominant ions in He + O,
plasma [70], have diminishing concentrations with increasing water content [71]. At higher
water vapor content above 2 %, the after-glow plasma behaves very much like a
He + H,O0 plasma [71] and the dominance of ionic water clusters is likely to hold true in
plasmas generated in O, + H,O diluted with other inert gases also [91]. Timescales of
charge transfer reactions involving plasma species are microseconds in the gas phase and
much shorter in the presence of water vapor. Hence chemical reactions of incoming plasma
species with water vapor near the gas—liquid boundary are rapid and dominated by ionic
water clusters. These reactions take place in a narrow gas film on the gas side of the gas—
liquid boundary, and this gas film is referred to as the reactive gas film in order to be
distinguished from the stagnant gas film concept used classically for mass transfer via
diffusion [93].

Leaving the reactive gas film and entering the liquid surface, hydrophillic proton-
containing water clusters are easily and quickly dehydrated to release hydrogen ions
through H'-(H,0),-;_; - H" 4+-nH,0. This takes place in a very narrow region on the
liquid side of the gas-liquid boundary, and this process may be likened to absorption
similar to how CO, is absorbed onto an aqueous surface [98]. This narrow region may be
conveniently referred to as the liquid absorption film. Similarly, negative charged water
clusters such as O, -(H,O),-1» and O3~ -(H,0),-1» [71] may also be considered to be
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absorbed through dehydration after entering the liquid bulk and thus being released to form
0, and O3 . Absorption is known as a way for mass to escape the gas phase, and the rate
of change of an absorbed gas agent on a gas-liquid interface area A is proportional to the
difference in its concentration at the gas phase and at the absorbance point, or [60]

dcC;
dtv’ = Diy(Ciy — Cit)/A (10)

where C; , and C;; are respective the concentration of species i in the reactive gas film and in
the liquid side of the boundary layer. The left hand side of Eq. (10) is identical to the left
hand side of Eq. (8), suggesting that absorption of hydrated plasma species may be modelled
in the same theoretical framework as the penetration of nonhydrated plasma species. In fact,
the absorption model is often regarded as a special case of the penetration theory.

It is now evident that the gas—liquid boundary region is conceptionally modelled here
with a reactive gas film and a liquid absorption film, each on one side of the liquid surface
and truncated together to bridge the gas bulk and the liquid bulk. Given the dominant role
of rapid chemical reactions distinctively different from those typical in chemical engi-
neering, the model described in Egs. (1)-(10) is perhaps best described as a reactive
penetration model. Though the thickness of the reactive gas film is indefinite and that of
the liquid absorption film also needs to be estimated, it is of interest to first discuss the
length scale of the gas—liquid boundary region consisting of both the gas and the liquid
films. Assuming the water vapor concentration [H,O] = 5.36 x 10*m~>
sponding to 2.3 % (reasonable for saturated water vapor in atmosphere at 300 K), the
lifetimes of O," and O, may be estimated from their reactions with water molecules (see
(9) and data from [109, 110]) and these are found to be 0.27 and 1.09 ns respectively. Thus
their diffusion distance may be estimated from their diffusion coefficient D (data from [63,
111]) as Ad = (D-n"? and are found to be 0.12 and 0.23 um for O,* and O4™, respec-
tively. This highlights that chemical reactions and mass transport events in the gas—liquid
boundary region already become significant on a nanosecond scale in time and a sub-
micrometer scale in length.

In principle, chemical reactions, diffusion, and dehydration may be modelled for the
gas—liquid boundary region using a one-dimensional model. This is at present likely to be
premature and may force largely assumed reaction and transport parameters, since con-
siderable uncertainties exist over the transport parameters of ionic water clusters, the rates
of the charge transfer reactions of (9), and the dehydration rates of ionic water clusters.
Although the global model simulation of [71] may be alternatively used, zero-dimension
treatments are fundamentally unsuited for mass transfer. Therefore the gas—liquid
boundary region is treated here with an assumption of instantaneous mass transfer, justified
with the nanosecond timescale of relevant mass transfer events. As an approximation, we
assume that all non-hydrated species can largely maintain their fluxes exiting the liquid
film as entering the gas film. They are listed in “Appendix 1” (columns 4-6) for O,/
He = 1 % in terms of their fluxes and, if appropriate, their concentrations from the gas
bulk, through the gas film, to the liquid bulk. Exceptions are for long-living species of O,,
H,0 and O3 whose concentrations at the liquid surface is subject to Henry’s law (see
details in Section “Boundary Conditions”). Helium metastables and ions have very low
fluxes compared to others and are likely to undergo a diffusion back to the gas phase
because of their light weight. They are therefore ignored for the simulation of the liquid
bulk. For hydrated species, it is reasonable to assume that the charge transfer reactions of
(9) in the gas film and the dehydration in the liquid film are highly efficient with little loss
such that I'gr4 , = I'yy; may be supported. This assumption is examined in Section

in air, corre-
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“Result and Discussion”. Taken together, the reaction-penetration model is illustrated in
Fig. 3 with boundary and constrain conditions as well as its link to the fluid model of the
gas bulk and the diffusion—reaction model of the liquid bulk.

Boundary Conditions

Assuming the liquid surface is at x = 0 and the liquid bulk ends at x = dy = 10 mm. We
consider first the boundary conditions for both ionic and neutral species. At x = d,, all
transferred plasma species, both neutral and ionic, are assumed to have reached their
steady-state value:

oGy,
Dz:,laix' ey = O (11)

C;, is the concentration of species i in the liquid side of the boundary layer and D; is its
diffusion coefficient in the liquid phase. At x = 0 on the other hand, ionic species and
electrons have low concentrations and their passage through the boundary layer is very fast
(i.e. on a nanosecond timescale), suggesting that they are unlikely to either accumulate or
lose in the boundary region. Therefore the gas-phase flux of a charged species, I'; ,, may be
considered to remain unchanged at the liquid side of the boundary layer, or mathematically,

(12)

oC;y
Ticglico = —Di,lT + ziew; ,EC;
X x=0
where f;; is the mobility of species i in the liquid bulk.

Similarly for reactive neutral plasma species such as O, O(1d) and O,(a) (but not O3),
their reactions with water molecules are very frequent. It is therefore reasonable to assume
that their concentrations in the liquid is far from saturated and that the flux of a reactive
neutral species is the same on both sides of the liquid surface. Or,

oC;
I, = *DL,IEIJ =0 (13)

For neutral species that are insufficiently reactive to be significantly involved in chemical
reactions in the gas-liquid boundary layer including O,, H,O and Oj, their transfer across
the gas-liquid boundary may be discribed with the following boundary conditions [60, 62,
106]:

kig(Cig — HiCijlo) = —Du?hzo (14)

X

where C; , is the concentrations of species i in the gas side of the boundary layer, k; 4 is the
transport rate in the gas phase, and H; is its dimensionaless Henry’s coeffficent. The left
hand side of eq.(14) represents the resistance to the gas—liquid transfer, and the right hand
side represents the net flux of the transferred species i into the liquid, I';. In the extreme
case of little resistance, the transport rate may be regarded as infinite and Eq. (14) is then
simplified to a boundary condition at x = 0:

Ciy =HCy; (15)

At the beginning of mass transfer to the liquid surface, ¢+ = 0, the concentration of the
transferred species i at x = 0 in the liquid phase is zero and therefore this leads to the
following formula of the transport rate
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ktl,g = Fi/Ci,g (16)

The boundary condition is therefore (also illustrated in Fig. 3):

Ciy B oC;y
F,-<1 ~H, c,-ﬁg> ‘x o= Dus (17)

Equations (12), (13), (17) are respectively the boundary conditions at x = 0 for charged
species, reactive neutral species and non-reactive neutral species.

For initial conditions at + = 0 when the plasma species are about to reach the liquid
surface, their concentrations need to be specified. For the studies reported here, the pH
value of the liquid is assumed to be seven and the liquid temperature is at room temper-
ature. This is an approximation, since treatment of a liquid sample such as a biofilm by low
power atmospheric pressure helium—oxygen plasmas usually leads to little change to the
pH of the liquid sample [112, 113]. However it is worth noting that plasma treatment at
higher power can change the pH of the sample markedly [113] and also biofilms are known
to support pH gradient in their bulk without plasmas [114]. The effects of pH need to be
further considered in future development of the model. For low power density operation for
a period of less than 120 s, it is possible for atmospheric helium—oxygen plasmas to
maintain the gas temperature at and near room temperature and to maintain the pH value of
a downstream liquid sample with which the plasma is brought in contact [86, 113]. With
much larger concentrations than other species, H,O and O, have a fixed concentration with
the H,O concentration calculated at 300 K and O, at its saturated concentration in the
water before plasma treatment. Boundary flux of Oj is determined from Eq. (17) using
Henry’s coefficient of 29.58 x 1072 [115, 116]. Initiation conditions of other species (at
t =0, x > 0) are given below

@ Springer



Plasma Chem Plasma Process (2014) 34:403-441 417

Cizo = 3.35 x 108m™; Cgp = 1.643 x 10%m™3
Con_ = 6.02 x 10”m™3; Cyy = (6.02 x 10" +5 x 10") m™3 (18)
C; = 10" m3for other species than HY, OH™, O,and H,0O

The H*' concentration is little higher than the OH™ concentration in order to retain the
electrical neutrality in the liquid with the presence of other negative ions (e.g. O™, Oy,
037) and electrons. Plasma species other than H" and OH™ are likely to be involved in
rapid chemical reactions in the gas-liquid boundary region, and therefore their concen-
trations are dynamically evolving. Their mass transfer is achieved by using their fluxes (see
column 7-8 of “Appendix 1) and using the penetration model of Eq. (1) and (2). These
are also illustrated in Fig. 3.

Plasma-Tissue Interaction Model

Intact human tissues including skin are known to present a considerable barrier to the
penetration of drugs and antibiotics, and modern drug delivery technologies often recourse
to minimal invasive strategies such as micro-needle arrays [30]. The challenge for effective
delivery of reactive plasma species is similar, and this has encouraged the utility of
microscopic gaseous channels created either naturally by a narrow wound trench into skin
or artificially introduced as a delivery aid [31, 32]. Transport and on-site chemical reac-
tions of plasma species through such channels are studied for both static and healing
wounds [31, 32, 117], however thermal deposition from either heat transfer from the
plasma generation region or from a flowing discharge current has yet to be analyzed
theoretically for plasma-tissue interactions. Experimentally, thermal impact of plasmas on
living tissues has been studied using plant, animal and human tissues [9, 10, 118-123]. For
example, a recent pilot clinical trial for risk assessment of an atmospheric pressure plasma
jet [123, 124] found that thermal damages were tolerable under its experimental conditions.
Generalization of the conclusion must be cautious however, partly because the discharge
current into the skin, the plasma treatment duration, and the skin surface condition interact
closely and their complex interaction often prevents an informed use of their inter-
dependence. More importantly, other factors may be at play, for example dielectric
properties of living tissues vary with frequency thus strongly influencing thermal depo-
sition in tissue and a strong electric field leads to sensitive nerve response and trans-
membrane protein denaturation. Thermal deposition and electric current passage in living
tissues are distinct of gas plasma from conventional drugs including DNAs. These are
important to be captured in an analysis framework of plasma-tissue interactions and in its
use to unravel tissue-level functions, for example electrical and thermal injuries and
plasma-based hyperthermia [38, 126].

Without the involvement of gas plasmas, human tissues exhibit large permittivity and
small electrical conductivity at low frequencies (e.g. 50/60 Hz), but above radio fre-
quencies (over 1 MHz) their permittivity reduces and their conductivity increases by many
orders of magnitude from the values at 50/60 Hz, suggesting a strongly frequency-
dependent Joule heating [125]. In addition, the passage of electric current through tissues
lead to dielectric heating due to energy loss from oscillating dipoles of water molecules
and dielectric heating increases with frequency. Furthermore, contact heating may be
introduced on the skin surface. Depending on the thermal dose, Joule, dielectric and
contact heating can cause damages through three different mechanisms. With little
molecular level modeling and with direct experimental validation, macroscopic heat
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transfer models have been shown to reliably describe all three thermal injury mechanisms
of electricity [35, 127, 128], and are therefore used for our study. Less known is however
nonthermal injury of electricity (or more specifically of electric field) [125, 129-131], for
example degradation to transmembrane proteins and damage to phospholipid bilayer
structure via irreversible electroporation. These are at present simulated largely with
molecular dynamics and other microscopic models [132-136], yet how changes in
molecular conformation at a sub-cellular level may be translated into changes to experi-
mentally detectable tissue functions (e.g. non-thermal tissue injuries) remains elusive.
From the success of modeling thermal injuries of electricity, it is logical to attempt an
integration of the macroscopic models of thermal injuries of electricity with the molecular
models of its nonthermal injuries. The key challenge here is an effective translation of
nanometer variations in protein and lipid structures to tissue functions, particularly given
that molecular modeling of proteins and protein structures are itself very challenging with
prohibitive computational resources demand and are constantly developing [137-139].

For the ambient pressure plasmas considered here, the excitation frequency is at
13.56 MHz (see discussion below) at which the gas breakdown voltage is only a few hundreds
volts. As shown in Fig. 4, the resulting voltage applied to a skin tissue of about 23 mm is no
more than 22 V leading to a global electric field of <1 V/mm, much lower than the threshold
electric field for electroporation. Not withstanding the possibility of low-level nonthermal
electrical injury and its potentiation for thermal injuries, we consider in our model two
common thresholds for thermal injury of electricity, namely a threshold temperature of 43 °C
at the epidermis-dermis interface [35, 128] and a threshold for a dimensionless thermal injury
index Q described by the following heat damage equation [35, 128, 140, 141]:

t

Q= [ Aexp(—E,/RT,)dt (19)
/

where E, is the activation energy, R is the general gas constant, T, is the temperature at a
point in tissue, and A is a frequency factor that depends on molecular structure. The 43 °C
threshold reflects the fact that temperature sensors of the skin tissue are not on the skin
surface and that significant nerve stimulation takes place to induce a sensation of pain
when the temperature at the epidermis-dermis interface is close to and above 43 °C [35].
Though deduced not from physics, this threshold is obtained from extensive experimental
studies of inflammation and pain over many decades [35, 130, 131] and as such should not
be regarded as a mere empirical indicator. On the other hand, Eq. (19) is based on a theory
of Henriques and Moritz [142] that thermal damage to the skin structure (despite of the
variation of different types of electrical injuries [131]) may be modeled by a chemical
reaction process depending on the duration of the thermal burden, the rate of protein
denaturation and the absolute temperature, and that this process is described with an
Arrhenius model. The concept of Q is used to reflect the extent of damage, for example he
concept of identifies when cells start to suffer irreversible damage with a cell death
probability of 63 % at a spatial location and Q is related to a cell death probability of 99 %
[35, 128, 140, 141, 143]. For the study presented here E,/R = 75,000 K and
A =31 x 108! using data in [35]. As the temperature is calculated for every point
within a tissue bulk, an epidermis-dermis boundary temperature of 43 °C and Q are used
respectively in our model as the threshold for thermally induced pain and cellular damages.

When an ambient pressure gas plasma is placed in direct contact with human skin,
thermal deposition in the plasma gives rise to contact heating as well as Joule and dielectric
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Fig. 4 a Plasma-tissue interaction with the plasma modeled using a fluid model and the tissue using an
intact skin having its epidermis, dermis, hypodermis and muscle layers (a white gap is inserted in the muscle
section to bring in the large muscle section into scale). The tissue thickness is 21.45 mm, and the plasma is
sustained in a 2 mm He—-N, gap and at 13.56 MHz; b the electrode away from the tissue (x = 2 mm) is
connected to high voltage and kept at 27 °C, and at the end of the muscle section (x = 23.45 mm) the
electrical potential is zero and the temperature is at the body temperature of 37 °C. Plasma dynamics and
chemistry are modeled for the plasma region only, and heat transfer and electric field and current penetration
are modeled throughout; ¢ the electrical potential on the tissue surface is very close to zero as the vast
majority of the external voltage is applied across the gas gap

heating through heat transfer into the tissue bulk. When the tissue-facing electrode is not
grounded or the tissue is used as a floating electrode, the electric field is allowed to
penetrate into the tissue thus making it possible to cause both thermal and nonthermal
damages. A trade-off must be had between maximizing plasma-induced benefits and
minimizing electrical and thermal damages. The complexity of how different factors may
interact to influence a possible optimization necessitates a theoretical framework of ana-
lysis, and this may be illustrated in the example of frequency dependence. With a
monotonic decrease with frequency of their permittivity and resistivity, human tissues have
progressively reduced electrical insulation. This is desirable when within the safety range
since lowered electrical insulation allows easy access to targets in cells and tissues, but not
so if lowered electrical insulation results in compromised electrical safety. When properties
of the gas plasma are factored into the optimization, high frequency operation is favored
for stability of ambient pressure plasmas yet it also leads to lower breakdown voltage and
so higher discharge current density (also larger gas heating) at a given dissipated power
density [144-146].

Here we consider, as a starting point, radio-frequency atmospheric pressure plasma in a
helium-nitrogen gap of 2 mm (N,/He = 0.5 %) and at 13.56 MHz with the frequency
effects left for a future report. The plasma is placed such that its tissue-facing electrode is
in direct contact with an intact skin tissue with its layered structure as shown in Fig. 4a.
The electrode away from the tissue is set at high voltage and at room temperature of 27 °C,
and the tissue-facing electrode is allowed to float in its electrical potential and temperature.
The ground is set at the end of the muscle section at x = 23.45 mm, where the temperature
is set at the body temperature of 37 °C. As the tissue-facing electrode is of at least 37 °C,
plasma generated dissipates less effectively to the surrounding area than the case of
plasma-biofilm interactions. In other words, the gas temperature is higher in Fig. 4 than
Fig. 3 for a given dissipated power density. Plasma dynamics and chemistry is modeled for
the plasma region only using the same fluid treatment used for the biofilm study and
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detailed in literature [63], whereas heat transfer and electric field are simulated for both the
plasma and the skin tissue regions, as illustrated in Fig. 4b. As the tissue-facing electrode is
allowed to float, it is important to estimate its electrical potential and broadly ensure
electrical safety. Simulation data suggests that the effective impedance of the ionized gas
gap is much larger than that of the tissue, resulting in the vast majority of the external
voltage (95-97 %) to be applied over the gas gap and the electrical potential on the tissue-
facing electrode is at most 22 V (see Fig. 4c). Therefore nonthermal injuries due to irre-
versible electroporation are very small, if any, and the electrode connection of Fig. 4a is
safe. In the context electricity safety, electric current flowing into the tissue needs to be
assessed. Health Canada has guidelines for the maximum electric current human can
withstand for different exposure time in the frequency range of 0.1-110 MHz [152] and is
shown in “Appendix 4”. This is the additional safety threshold to the pain and protein
denaturation thresholds, all of which are used in our model to translate the results of the
heat transfer and electrical penetration modeling into thermal and electrical tolerance.

Our model considers intact skin tissue and leaves penetration of plasma species into the
tissue bulk via gas channels to future studies. As an approximation, plasma fluxes are
allowed to pass through the tissue-facing electrode without loss and onto the skin surface.
The plasma model considers 7 species namely e, He't, He,, N,* N, ™, He", and He;) and
19 chemical reactions among them identical to those in [147]. For easy illustration of their
link to the governing equations of the tissue section, we list below the governing equations
of the fluid model as follows:

ani >
- T =S; 20
otV (20)

onJT, 5 - - me
A3 V(Tel e = neDNT,) = —el  E — zj:R,.Ej -3 Z:Ekgkelneni(Te —T)
(21)
VE = — Z 6‘71,'/80 (22)
or

Poce s, TV (—kVT) =0 (23)

where n., T, and D, are respectively the density, the temperature and the diffusion coef-
ficient of electrons; n;, I';, S; are respectively the density of species i, its flux, and the rate of
its generation and loss; &j and T are the free space permittivity and the gas temperature; p,,
cg and k are the density, the specific heat capacity and thermal conductivity of the gas; E is
the electric field; and R; and AE; are the rate of the inelastic collisions and the energy loss
due to inelastic collisions. Heavy particles are assumed to be at the gas temperature. The
flux of species i is given by

I'; = sign(gi)niE — D;Vn; (24)

Here g; is the charge of species i and D;, u; are respectively its diffusion and mobility
coefficient. Q is the heating due to momentum transfer between electrons and species i and
Joule heating of ions and given by [66]

m I
0=3 Zﬁkgkelnen,-(Te ~T)+j.E (25)
i 1
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where j, , kg are the ion current density and the Boltzmann constant; m; and k. are the mass
of species i and its momentum transfer rate with electrons; and m, is the mass of the
electron.

The heat transfer into and through the tissue is described by Pennes’ bio-heat transfer
model of [127]

oT
picr 3= kV2T + @pppen(Ty — T) + 03E* 4 Guer (26)

where p;, ¢;, kK and T are respectively the density, specific heat capacity, the thermal
conductivity and the temperature of the tissue; p,, ¢, ®, and T}, are respectively the
density, specific heat capacity, the perfusion rate, and temperature of the blood; g is heat
generated due to metabolism, and oy is the electrical conductivity of tissue. Tissue tem-
perature and gas temperature are solved together, so the symbol 7 is denoted to both. The
second term on the right hand side represents the net heat due to blood perfusion, and the
third is due to electrical heating. Equations (23) and (26) are of the same form, and can be
solved continuously from the plasma region to the tissue region. Similarly the electrical
potential is solved for both the plasma and tissue regions. At the boundary between the
plasma and tissue, the boundary condition is

&E, — &E; = o, (26)

with g4 being the surface charge density on the plasma-tissue boundary and being equal to
the time integral of the conduction current density flowing into the tissue, J.. The con-
duction current density needs to satisfy

on
o +VJ.=0 (27)
in the tissue region. Therefore Egs. (20) and (21) are solved in the plasma region, eq.(27) is
solved in the tissue region, and the heat transfer Eqs. (23) and (25) and Poisson’s Eq. (22)
are solved for both the plasma and the tissue regions. Thermal and dielectric parameters of
the skin tissue and blood are listed in “Appendix 5” with source references [35, 148, 149].
It is worth mentioning for future model development that the integrated treatment of
electrical and thermal phenomena in the plasma region and the tissue region has benefited
from previous studies of electrical injuries, for example the coupling of the electrically
induced heating mechanisms with Pennes’ bio-heat transfer equation [149], capacitively
coupled radio-frequency heating for hyperthermia of pelvis tumors [150], and similar
studies of inductively coupled RF heating for hyperthermia [151].

Results and Discussions

The theoretical framework described in Section “Model Development” is developed by
advancing biophysical models used in neighboring disciplines for integration with plasma
physics and liquid-phase plasma chemistry models. With future development and
improvement, it could be used to study a wide range of topics in plasma-biofilm and
plasma-tissue interactions. Here as an example, we study plasma penetration into biofilms
and onto intact skin tissues in order to establish the key limiting factors to plasma
accessibility to a diseased region within a physical structure. In the former case, the focus
is on transfer and penetration of physical matters (e.g. transient chemicals) into a porous
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and hydrated structure. Here the key barrier to plasma access is likely due to the very
significant reactivity of plasma chemistry due to rapid quenching of gaseous plasma
species by water molecules. For most applications, the application of a plasma source is
usually to treat a biofilm sample as a downstream load and as such little discharge current
is fed to flow into the biofilm suggesting little or controlled electrical and heat transfer. In
the case of intact skin tissues, the main barrier to plasma access is the dense tissue structure
with few access entries (e.g. follicles of about 300 pm in diameter) that do not necessarily
lead to the target area. The focus here is to look at the penetration of long-range fields
specifically the electrical and thermal fields in the context of plasma tolerance and possible
plasma-aided hyperthermia. Taken the two cases together, the case studies in this section
cover mass and heat transfer as well as electromagnetic propagation in living tissues. It is
worth mentioning the obvious desire to understand how plasma may be configured to reach
a target buried deep inside a tissue and how the model developed here may be used to aid
this objective. However this important challenge for the plasma technology should be left
to future studies and reports once significant progress has been made.

Diffusion to a Downstream Gas Region

Diffusion of reactive plasma species into a downstream gas region provides a reference
point to plasma penetration into a liquid and also provides information of recombination
depth if a gas buffer is introduced between the plasma and a biological sample. Within the
generation region of the He-O, plasma, Fig. 5 shows concentrations and wall fluxes of
ground and excited state oxygen species and negative ions for O,/He = 0-10 % as well as
the pathway map of the key chemical reactions at O,/He = 1 %. As shown in Fig. 5a, b,
most reactive oxygen species have similar O,/He dependences for both their concentra-
tions. For bacteria in planktonic growth (i.e. not in a biofilm) and indeed biomolecules such
as proteins on a slightly moist surface, atomic oxygen has long been considered as a key
plasma oxidant [48, 153—157]. Another biologically important reactive oxygen species is
the singlet delta oxygen molecule [158-161], and its concentration and wall flux are shown
in Fig. 5a and b to have similar O,/He dependence. For both atomic and single delta
oxygen, their concentrations and wall fluxes are seen to peak in the narrow range of
0.5-1.0 %. At Ox/He = 1 %, Fig. 5c shows that their production is dominated by electron
impact reactions, suggesting a clear optimization route by enhancing electron production.
One exception to the similar O,/He ratio dependences in species concentrations and wall
fluxes is negative ions of oxygen molecules O,  or superoxide as known in biology [164,
165]. After reaching its peak around O,/He = 0.8 %, the O, concentration decreases
monotonically with increasing O,/He ratio. By contrast, the O,” wall flux increases
monotonically with O,/He. This contrast is due to the very short excursion distance of O™
at only 3—4 pum during the lifetime [63, 166], suggesting that O, produced in the plasma
bulk may not be able to reach the electrode and hence contribute to the wall flux. In
general, O, production is mainly through charge transfer of O;~ via O and the larger O;
concentration (hence O3~ concentration) help increase the wall flux of O, at large O,/He
ratios. Therefore the main optimization route for delivering O, to a biological sample is
through O3~ different from those for O, O and O5. This is perhaps more important for
plasma treatment of mammalian cells, for which induction of cellular functions, for
example through signaling pathways, is more important than in the case of bacterial
inactivation.

Wall fluxes of neutral ROS of Fig. 5b (at Ox/He = 1 %) are allowed to diffuse through
an exit electrode without loss into a downstream helium—oxygen ambience. Figure 6a
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Fig. 5 Plasma chemistry in the generation region of an atmospheric pressure helium—oxygen plasma with
the O,/He ratio dependence of a the concentrations of its reactive oxygen species and b the wall flux of ROS
for O,/He = 0-10 %. Similar O2/He ratio dependences of concentrations and wall fluxes hold for most
ROS apart from negative oxygen ions (or superoxide). At O,/He = 1 %, the ROS pathway map of key
generation and loss reactions is shown in ¢. For ground and excited state oxygen atoms as well as singlet
delta oxygen, their production is through a similar pathway of electron impact reaction whereas the
generation of superoxide is through charge transfer from O3 . In (c), blue and red arrows represent
respectively generation and loss pathways and the percentage numbers associated are the percentage of a
given pathway in the generation or the loss of the relevant ROS. Larger and thicker arrows indicate the
dominant pathways each with a percentage value, and small and thin arrows indicate pathways of smaller
contributions. For simplicity, pathways of less importance than shown are omitted (Color figure online)

shows the distance dependence, largely independent of the plasma-on time (10 s or 60 s)
apart from Os for x > 1 cm. Using a threshold concentration of 10'°%cm ™3, the penetration
depth of excited state oxygen atoms is the shortest around 2 pm and that of Oz(blzg) is
the second shortest of around 20 pm. The singlet delta oxygen and the ground state atomic
oxygen have a similar penetration depth of 1 and 0.9 cm, respectively. O, is not shown
due to its low concentration (at least 4 orders of magnitude lower than others). Figure 6b
suggests that at x = 1 mm downstream from the exit electrode O; molecules are produced
mostly by O + O, + He — O; + He and lost to diffusion (40 %) and to dissociation
(60 %). Singlet delta oxygen molecules are produced via diffusion of upstream singlet
delta oxygen molecules, and are lost to dissociation. A different upstream O,/He ratio
(within the plasma generation region) would of course change the boundary concentrations
of ROS, but the extent of change to their penetration depth is likely to be much smaller.
Figure 6a shows that at x = 100 nm the O* and Oz(blzg) concentrations already show a
downwards slope, indicating that their lifetimes are likely to be shorter than other neutral
ROS and such characters have some but not dominant impact on their penetration distance.

Results of Fig. 6 suggest that the major neutral ROS beyond a few millimeters
downstream from a helium—oxygen plasma region are the ground state atomic oxygen, the
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Fig. 6 Downstream gas-phase plasma chemistry at an upstream O,/He =1 % and with a ROS
concentrations as a function of the distance from the exiting electrode at t = 10 s (solid curve) and
t = 60 s (dotted curve); b the pathway map of key chemical reactions. Blue and blue arrows are used to
indicate respectively the dominant reactions of generation and loss pathways, and a percentage value is
given to each pathway to indicate the contribution in percentage term to the generation or loss of a given
chemical species, in the same way as in Fig. 5 (Color figure online)

singlet delta oxygen, and the ozone. Since the plasma-sample distance is typically around
1 cm, their synergic interaction is likely to be at play on a (mostly dry) microbial sample.
For most application scenarios where the sample is more than 1 mm away from the plasma
generation region, the synergy appears to be associated with a reaction chain involving
ground state atomic oxygen, singlet delta oxygen and ozone. For future reference, this is
referred to as the O-O,(a)-O3 cycle chain. The data of Fig. 6 support the current view of
oxygen atoms and singlet delta oxygen being important for microbial inactivation. It is
worth mentioning that previous analyses and discussions of the identity of possible
dominant ROS are often based on ROS concentrations in the plasma-generation region
rather than at the downstream sample, and that little consideration has been given to how
the lifespans of ROS may impact on their penetration depth into a downstream ambience.
Figure 6 also shows a cliff of rapid concentration reduction of O and Oz(alAg). This
illustrates the possibility of a large variation in biological effects when the sample-plasma
distance is slightly moved, for example a small move of 1 mm in the sample location
between 2 and 10 mm could see a O concentration change of more than half order of
magnitude. Even without other differences, a concentration cliff such as that for O and
Oz(alAg) between 1 and 10 mm could introduce large variation in experimental results
from seemly identical experiments performed at different labs. At a distance much further
than 1 cm away from the plasma-generation region, the dominant ROS is ozone and the
chemical synergy ceases to be important. The above discussions offer previously little
known observations that are distinctively different from the knowledge of plasma chem-
istry within the plasma region, and these are (1) downstream plasma chemistry involves
progressively less and less plasma species; (2) for a practically meaningful plasma-sample
distance of 1-10 mm, plasma chemistry is dominated by a O-O,(a)-O3 synergy; (3) the
contribution of O and O,(a) may change significantly with a small variation in the plasma-
sample distance around 10 mm due to their concentration cliff of reduction; (4) for a
plasma-sample distance much greater than 10 mm, the helium—oxygen plasma essentially
become an ozone generator. These are likely to be useful for future plasma medicine
experiments
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Fig. 7 a Dependence of ROS concentrations on the distance penetrating into a liquid bulk from the exiting
electrode after 60 s and for an upstream O,/He = 1 %. Liquid-phase reactions generate hydrogen-
containing reactive species including H,O,, OH and HO, thus increasing the complexity of plasma
chemistry but with a much reduced penetration depth down to <1.5 mm. The pathway chain map for key
ROS is shown in b 10 mm and ¢ 100 mm into the liquid. Identical to Fig. 5, blue and blue arrows are used
to indicate respectively the dominant reactions of generation and loss pathways, and a percentage value is
given to each pathway to indicate the contribution in percentage term to the generation or loss of a given
chemical species (Color figure online)

Diffusion into Liquid Bulk

When a downstream liquid bulk replaces the downstream gas region of Section “Diffusion
to a Downstream Gas Region”, the incoming gaseous plasma species undergo diffusion as
well as reactions with water molecules. Hydrogen-containing species are generated,
including the generation of H' near the liquid surface through dehydration of ionic water
clusters and the in-liquid generation of OH, OH™, HO,, HO3, and H,0,. The concentration
profile of plasma species from the gas phase and hydrogen-containing species into the bulk
of the liquid layer is shown in Fig. 7a. Data below 1 pm are not shown, due to the gas—
liquid boundary layer being of a micrometer scale and the uncertainties of detailed
chemistry in the micrometer boundary layer.

Our numerical results suggest that the most unstable plasma species in the liquid are
atomic oxygen and singlet delta oxygen with their penetration distance much <1 pm, and
therefore they are unlikely to be involved in the inactivation of microbes embedded in a
biofilm given the diameter of a single microbe being 0.2-2.0 um. This is distinctly dif-
ferent from the gas phase where O and Oz(alAg) are important for inactivation of largely
dry microbes and biomolecules (see Fig. 6). After entering the liquid, O and Oz(aIAg)
become converted into other reactive species within 1 um and these other reactive species
(e.g. 0,7, H,0,, HO,, OH, and O3) become key antimicrobial agents in the liquid. This
short penetration depth of O atoms identified by the diffusion-reaction model here is also
reported by recent molecular dynamics simulations [162, 163]. Ozone concentration
reduces when entering the liquid to satisfy Henry’s law, but increases after a few
micrometers into the liquid via quenching of O (O + O, — O3) and charge transfer of O3~
(OH + O3~ — O3 + OH"). However plasma-induced species such as electron, H, OH,
H,0,, O™ and O, ", introduce an array of O3 loss pathways (see reaction no. 35, 46, 56, 63,
69, 76 and 84 in “Appendix 2”) that are absent in the hydrogenation of pure ozone.
Therefore the O3 lifetime in liquid is much shorter with than without plasma. In the case of

@ Springer



426 Plasma Chem Plasma Process (2014) 34:403-441

OH radicals, their reactivity is very high and their lifetime in liquid is known to be on a
nanosecond scale [167]. Therefore it is of little use to attempt an upstream generation of
OH radicals in a vapor-containing plasma for downstream delivery into a liquid, and
Fig. 7a indicates that this is also unnecessary because they are generated and sustained in
the liquid phase via electrons, H*, O, 057, O3, HO;, H,0, (see reaction no. 18, 20, 26,
78, 79, 82 and 84 in “Appendix 2”). Using 1 nM as a threshold concentration, the pen-
etration depths of O3 and OH radicals are both around 5-6 um whereas the longer-living
species of HO,, O,~ and H,O, have a penetration depth of 0.25, 1.0, and 1.3 mm
respectively. Figure 7b and 7c show the pathway chain map of plasma-induced liquid-
phase chemistry at 10 and 100 um beneath the liquid surface. Similar to that in the
downstream gas ambience, there is a reaction cycle chain but among O,~, HO,, and H,0,.
While the biological relevance of O, and H,O, are well known [164, 165, 168, 169],
hydroperoxyl (HO,) is also a biologically important oxidant and may be involved in lipid
peroxidation [170, 171]. It is involved with the production and loss of superoxide via
O, + H,O & HO, + OH™, but is a more powerful oxidant and reductant than O,~
[171]. These discussions suggest that reactive oxygen species surviving more than 10 pm
into a liquid bulk (or a highly hydrated biofilm) in Fig. 7 are known to be biological
important and relevant.

In section “Gas—Liquid Boundary Region” and “Boundary Condition”, the gas—liquid
boundary is discussed to possess the rapid reaction chemistry on a sub-micrometer scale
and as a result the fluxes of most gaseous plasma species are assumed to maintain their
value. This assumption is also applied to the flux of hydrogen ions as that of O, due to the
rapid charge transfer between their water clusters [see (9)]. Given the experimental dif-
ficulty of measuring H" concentration in a very thin boundary layer with active chemical
reactions, we examine the sensitivity of our conclusion of a liquid-phase reaction cycle of
0,7, HO,, and H,0, by increasing and decreasing the proton flux at the gas-liquid
boundary by a factor of 10. To maintain electrical neutrality, adjustment to fluxes and
concentrations of ionic species at the gas—liquid boundary is made. The results are shown
in Fig. 8, showing broadly similar penetration profiles with O,~ and H,O, being the
reactive oxygen species surviving beyond 10 pm. When the proton flux is increased by ten
times of its value in Fig. 7 (I'gyo = 8.9 x 10 m™2 s™"), or I'yy = 10Iy, o, Fig. 8b
show that the HO, concentration becomes lower than OH and O3 concentrations and that
the HO, penetration distance also becomes shorter. This change from Fig. 7a is largely due
to the change in the boundary conditions. Therefore the overall picture is that (1) the most
dominant species are O, and H,0, regardless the ROS fluxes entering into the liquid; (2)
HO, plays a role of the third most significant ROS for I'y, <I'y o=
8.9 x 10° m™2s™!; (3) the concentration levels of O, and H,0, are sensitively
dependent on their boundary concentrations at the liquid surface.

The results of spatial profiles of liquid-phase reactive plasma species in Figs. 7 and 8
may be related to cell functions at a population level (i.e. not individual cells). In the
context of biofilm inactivation, most biofilms have a thickness in the range of 10-350 pm
[172-175] and therefore the penetration depth of O, and H,O, beyond 10 pm and up to
1 mm looks promising provided their concentrations are adequate for inactivating bacteria.
Plasma penetration into a biofilm is not well studied, but data reported so far in literature
suggest that atmospheric He 4+ O, plasma can reach 10-15 pm into Pantoea agglomerans
biofilm [176] and 15 pm into Porphyromonas gingivalis biofilm after 60—120 s [177]. For
planktonic bacteria, the minimum inhibition concentration (MIC) of hydrogen peroxide is
1 mM against E. coli [178] and 50 mM against S. aureus [179] whereas that of O3 is 4 pM
against vegetative cells [180]. At a penetration depth of 10 um and for I'y, = 0.1I'yg4 o,
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Fig. 8 Penetration of reactive oxygen species into a liquid bulk under the same condition as that in Fig. 7
apart from the proton flux at the liquid surface I'y; changed from its nominal value of
I'yip =289 x 10° m™2s~! for Fig. 7in a 'y, = 0.1y, 0; and b 'y, = 100"y 0. Concentrations of
other ionic species at the gas-liquid boundary are adjusted to maintain electrical neutrality

I'ygyo and 101y, o, the O5 concentration is « 1nM, « 1nM, 0.9 uM respectively whereas
the H,0, concentration is 0.2, 0.04 and 0.02 mM respectively. These are at least one order
of magnitude below the individual MIC for O; and H,0,. The experimental evidence of
effective biofilm inactivation to 10-15 pm with atmospheric helium—oxygen plasmas
suggest the existence of mutual potentiation of surviving ROS such as Oz, H,O, and O,",
and in the case of 'y, = 10I'y, o (Fig. 8b) possible potentiation of the antimicrobial
capacity of Oz, H,O, and O, by OH. Given the possible mutual potentiation, it is
plausible that the synergistic combination of liquid-phase plasma species leads to an
equivalent single-specie concentration (either O3 or H,O,) of at least one order of mag-
nitude higher than that in Figs. 7a and 8 and hence above the MIC for vegetative cells.
Therefore the penetration data of ROS and their concentration are reasonably consistent
with experimental observations of biofilm inactivation [176, 177]. Enhancement of ROS
concentration on the liquid surface and manipulation of liquid phase chemistry such as that
in Fig. 7b should lead to greater penetration, as indicated in a recent study of reaching
25.5 pum into E. faecalis biofilm using an air plasma [181].

The above direct comparison of liquid-phase plasma simulation results in Fig. 7 and 8
with experimental data of plasma biofilm inactivation is very encouraging with a first
demonstration of the feasibility of how liquid plasma chemistry at a molecular level may
be used to quantitatively interpret biological phenomena at a cell population level. This
is helped by considerable reduction of the complexity of gas-phase chemistry when
delivered into liquid, despite of difficulties in dealing with the mass transfer across the
gas—liquid boundary and the uncertainty over some reaction and transport parameters. At
present, the plasma-biofilm model of Fig. 3 does not consider additional support to mass
transfer by a moderate thermal gradient from the plasma region to the biofilm, the
acidification of the liquid by nitrogen species, and the enhanced bactericidal capacity by
synergizing bactericidal plasma species with moderately acidified liquid [182]. The
current plasma-biofilm model does consider change to pH due to H' and finds the
change to pH is very small under conditions studied here. With an optimization of
plasma chemistry, heat-assisted mass transfer, and liquid acidification, we expect to
extend the plasma penetration into biofilms to 40-50 pum. This would make CAPs as a
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Fig. 9 Spatial profiles of the gas and tissue temperature in the plasma (P), epidermis (E), dermis (D),
hypodermis/fat (H/F) and muscle regions at different plasma-on time from 1 to 60 s for a constant discharge
current density of 10 mA/cm?. Temperature profile shows in a the generated heat is primarily deposited in
the gas region and very little is deposited in the muscle region (shown only to x = 1 cm, the total simulation
space is to x = 2.345 cm); b the heating is predominantly caused by contact heating with Joule and
dielectric heating accounting for at most 2 °C. A plasma-on time of <30 s is sufficient to trigger a sensation
of pain at 10 mA/cm?, consistent with experimental observations

viable option against many biofilms. The model of Fig. 3 may now be used to aid future
biofilm inactivation experiments.

Thermal and Electrical Penetration into Skin

Gas and tissue temperatures are numerically obtained using the plasma-tissue interaction
model of Fig. 4 and are shown in Fig. 9 for the plasma and the skin regions (including
epidermis, dermis, hypodermis and fat, and muscle) at a discharge current density of
10 mA/cm?. Figure 9a shows that the majority of heat deposition (hence temperature rise)
is in the gas region and very little is delivered deep into the muscle region, the latter of
which is similar to the case of radio frequency heating without the involvement of gas
plasma. While not directly studied, heating of the muscle region is likely to be achieved at
frequencies in and above the microwave band without or with gas plasmas. It is also shown
that the temperature rise in the epidermis and dermis is quick with the temperature at the
epidermis/dermis interface T,y increasing to more than 43 °C after a plasma-on time of
<30 s. Figure 9b shows that contact heating dominates whereas Joule and dielectric
heating start to contribute after 10 s. The most significant effect of the Joule and dielectric
heating is to induce heating deeper into the skin tissue than the contact heating, and this is
through the absorption of electromagnetic energy by polarized molecules and macro-
molecules such as water and fat.

It is possible to introduce mechanical and other cooling mechanisms to reduce the skin
surface temperature. This reduces the contribution of the contact heating and hence thermal
injuries to the skin surface, in which case the contribution of the Joule and dielectric
heating increases proportionally. For delivering a maximum amount reactive plasma
species to a living tissue, this helps increase the current density and hence plasma dose
without pushing 7,4 above 43 °C. The extent of the Joule and dielectric heating is largely
controlled by the frequency, and therefore may be mitigated by reducing the frequency and
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Fig. 10 Thermal and electrical safety map with a showing the thermal safety ceiling using a treatment time
vs current density threshold for induction of skin pain and significant protein denaturation and cell death
(~63 %) and b showing the electrical safety ceiling using the electric current limit Guideline of Health
Canada [152] and the maximum permissible treatment area deduced from the threshold discharge current
density in a. Regions Al, A2, and A3 include the thermal safety ceiling shown in a and they indicate
respectively regions of safety (Al), sensation of pain (A2), and irreversible thermal injuries (A3). The
electrically safe regions are those under the curves at different treatment times

so reducing the electromagnetic heating of polarized molecules. This technique needs to be
assessed with the constrain of larger discharge current density of ambient pressure plasmas
at a lower excitation frequency. An alternative is to use pulse modulated radio-frequency
plasmas [183, 184] not because of the reduction to the gas-phase heating but because of the
heat dissipation during the plasma-off phase. Again, detailed analysis needs to be per-
formed as the pulse modulation is typically in the kilohertz range and the electric current
safety is much more stringent than indicated in “Appendix 4”.

In the context of hyperthermia, it is often of interest to induce heating deep into tissue
and in practice this is often met with a considerable heating in the hypodermis and fat
region [149, 150, 185] without plasma. Plasma-based hyperthermia is likely to be chal-
lenged similarly as Fig. 9b shows a greater contribution of Joule and dielectric heating in
the fat region than the dermis region. The advantage of plasma-based hyperthermia is the
control of tissue heating and electric field by dumping most heat and applied voltage in the
gas region (hence is safer) and the benefits of reactive plasma species especially for open
wounds albeit plasma ROS penetration needs to be studied.

The threshold for sensation of pain (Tg;p < 43 °C) and for irreversible thermal injuries
[Eq. (19)] may be obtained by plotting the plasma-on time (or plasma treatment time) as a
function of the discharge current density, as shown in Fig. 10a. The rapid reduction in the
treatment time when the RMS current density is above 8 mA/cm’ suggests an onset of
rapid accumulation of heat in the skin tissue. For most atmospheric pressure helium-—
oxygen plasmas, the discharge current density is usually in a range of 5-100 mA/cm? in
the kilohertz range and around or even above 1 A/ecm?® at and above radio frequencies.
Such plasmas are always, and quite rightly so from the standpoint of plasma physics,
known to nonthermal. Yet the prevailing interpretation of the word “nonthermal” in the
context of electrical injuries is associated with a temperature some 6 °C above the body
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Fig. 11 Plasma dose measured as the product of the flux to the skin surface and the treatment time as a
function of the RMS current density for a charged species and b neutral species. Here electrons and ionic
nitrogen species as well as metastable helium species are used to represent the plasma dose and its
dependence on the current density

temperature, highlighting the need to be clear and definitive in the different interpretations
of the same word. It also highlights the need to review the measurement criteria for thermal
tolerance of living tissues under plasma treatment.

Similarly important is the seemingly little appreciated fact that electrical current
tolerance should not be extrapolated from the discharge current density but the current
itself. This has a direct impact on the endeavors to scale up plasma jets and micropl-
asmas for large area treatment of human tissues [186, 187]. It should be noted that the
areas for safe treatment are <25 cm? at most, corresponding to a tissue area having a
diameter <5.6 cm. For tissues with larger treatment area, innovative use of ambient
pressure plasmas must be introduced including the reduction or removal of the discharge
current that is allowed to flow into the tissue, for example using indirect plasma treat-
ment of living tissues. The discussion here is relevant for radio frequencies (above
0.1 MHz), for which the voltage applied to the skin tissue is small and nonthermal
injuries due to strong electrical fields are unlikely to be significant. It should be noted
that at kilohertz frequencies the breakdown voltage of gas is larger and the electric field
is more likely to be at the electroporation level [31, 32]. Nonthermal electrical injuries
due to irreversible electroporation and electrocomformational protein denaturation are as
a result more likely. Therefore the results discussed above for 13.56 MHz need to be
reassessed. It is worth commenting that controlled and modest thermal injuries of
electricity may become a necessary sacrifice in dealing with wounds and cancers when
no alternative treatment is available. In this regard, it is useful to recall the discussion in
Introduction that the electric field may interact with the mitochondrial membrane to
produce ROS [36] and a penetrating electric field may induce an on-site ROS production
inside the tissue.

Within the thermal and electrical safety as described in Fig. 10, the fluxes of plasma
species onto the skin surface may be used to indicate the choices of the discharge current
density. Using a form of the plasma dose, without generalization and without specific
chemistry for a given application, as the product of the skin surface plasma flux and the
plasma treatment time, Fig. 11 shows a very similar trend for all charged and neutral
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species. Essentially a long treatment time outweighs the benefits of a large plasma flux
achieved with a large current density, the latter of which is restricted by electrical and
thermal tolerance. The results in Fig. 11 seem straightforward and simplistic, but are useful
to highlight the need to bring in electrical and thermal safety considerations in designs of
plasma-tissue interaction experiments, particularly if such experiments are intended for
clinical trials. With future improvements (e.g. plasma chemistry in the presence of skin
surface) and with other important factors included in future, the current plasma-tissue
interaction model of Fig. 4 provides a framework for analysis of key interlinked and
sometimes conflicting requirements in efficacy and safety of plasma induced biological
effects.

For almost all biophysical and biochemical models, a central question has been how
molecular level modeling is linked to a change in clinical functions that could be diag-
nosed. Similar to the observation drawn for the plasma-biofilm interaction model of Fig. 3,
the plasma-tissue interaction model of Fig. 4 bridges a quantitative description of plasma
physics to a tissue-level function (i.e. the electrical and thermal safety and plasma-based
hyperthermia).

Concluding Remarks

This work reports the development, and the comparison with experimental data when
available, of a model framework for plasma-biofilm and plasma-tissue interactions, both
bridging the quantitative descriptions of physics and chemistry to experimentally
detectable functions at either a cell population level (i.e. the biofilm) or a tissue level
(i.e. the skin tissue). For plasma-biofilm interactions, a reactive penetration model is
developed for mass transfer of highly transient plasma species across the gas-liquid
boundary and a liquid bulk is used to model usually highly hydrated biofilm. Numerical
prediction of plasma penetration using the plasma-biofilm interaction model is in good
agreement with available experimental data of plasma inactivation of different biofilms.
For plasma interactions with intact skin tissues, the model development brings in the
knowledge of the neighboring field of electrical injuries, both thermal and nonthermal,
by considering the onset for pain sensation and for considerable transmembrane protein
denaturation as well as electric current threshold to human body as a panel of tolerance
and safety thresholds. As a result, the plasma-tissue interaction provides a well-defined
framework to assess electrical and thermal safety for CAP systems to be used directly on
human and to identify ways to mitigate relevant risks whilst maximizing beneficial
plasma effects. This model could also be used to explore the possibility and indeed
improvement of plasma-based hyperthermia as well as of on-site production of ROS/
RNS in tissues by a penetrating electric field.

The model framework has clear room for further improvement and development, for
example the inclusion of reactive nitrogen species, the assisted mass transfer across the
gas—liquid boundary by temperature and pressure gradients, the onset of liquid acidifi-
cation and its synergy with bactericidal plasma species for biofilm inactivation, the
inclusion of pore formation at the cell and (skin) tissue level, and of course the inclusion
of relevant biophysical and chemical models from neighboring disciplines. This work is
a beginning of the development of quantitative analysis tools for plasma biomedicine,
and is hoped to help mitigate the variation and the lack of control in the conditions of
plasma-biofilm and plasma-tissue interactions that once plagued the progress of plasma
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biomedicine in 1950’s. The work presented here should also be placed in the context of
biophysical models and their common characters. Regardless specific subject areas or
specific application contexts, biophysical models are powerful but rare if they have
capability to predict population-level or tissue-level functions. Atomic or molecular level
modeling is precise but often impossible to be extrapolated for prediction of cell or tissue
functions, whereas phenomenological or partially phenomenological models can describe
tissue functions under specific conditions but are inappropriate as a generic tool due to
the lack of their underpinning science. The interaction models presented here appear to
have been successful in bridging quantitative modeling of plasma chemistry and elec-
trical heating of tissues to clear functions at a biofilm level or a tissue level. This is very
encouraging. With future improvement, the plasma interaction models could become an
indispensible component in an underpinning knowledge base with which derive and
develop protocols and standards in plasma biomedicine.

As infectious biofilms and chronic wounds are significant societal challenges and also
two major targets of plasma biomedicine, it is useful to summarize the findings that the
plasma-biofilm and plasma-tissue interaction models have already unraveled. These are:

e Plasma penetration into biofilm—(1) the experimentally observed plasma penetration
depth of 10-20 pum agrees with the penetration depth of plasma chemistry under typical
conditions of low-power He 4+ O, CAPs; (2) optimization through plasma chemistry,
liquid acidification and heat and pressure assisted mass transfer could enhance the
plasma penetration depth to 40-50 pm, offering an option against many biofilm
inactivation (the biofilm thickness usually being 10-100 pm);

e Dry downstream chemistry (from the plasma region)—(1) the key reactive plasma
species are O, O,(a) and O; in the gas phase in a gaseous downstream region without
nitrogen and their penetration depths (with a minimum concentration of 10 cm™?) are
respectively 0.9, 1.0 and well above 10 cm; (2) the O and O,(a) concentrations undergo
a cliff at x = 1 cm of rapid reduction of half order of magnitude for Ax = 1 mm,
suggesting a source of variation in the inactivation efficacy; (3) the synergetic interplay
among O, O,(a) and Oj diminishes after x = 1.5-2 cm downstream.

e  Wet downstream chemistry (in biofilm)—(1) the key reactive plasma species are now
0,7, H,O, and HO; or O, H,O, and Og, a result of rapid liquid-phase reactions
involving O and O,(a); (2) the penetration depths of O, and H,O, with a minimum
concentration of 1 nM are 1-1.2 mm with HO; in the range of 20-250 um and Oj of
5-40 pum. The low penetration depth of O3 is due to additional loss mechanisms by
charged particles; (3) O, and H,O, appear to be locked together and therefore their
synergy is largely maintained. The liquid-phase plasma-induced chemistry shows
similarity to chemistry of redox biology [188, 189] but also clear difference due to the
presence of charged species.

e Electrical and thermal tolerance of living tissues to RF atmospheric plasmas—(1) the
key risk of electrical injuries are thermal in nature with the contact heat being most
significant and Joule and dielectric heating capable of delivering heat into the
hypodermis region; (2) safety is largely influenced by the induction of pain sensation,
protein denaturation and the lethal dose of the electric current; (3) long plasma
treatment time at low discharge current density permits a larger plasma doses to the
skin surface than short treatment time at high current density.

e RF plasma-based hyperthermia—offers a build-in safety mechanism of having the
current density limited by the gas gap and therefore can be applied rapidly when
compared to pure radio-frequency only hyperthermia.
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The principle of the plasma-biofilm and plasma-tissue interaction models should remain
the same when they are extended to ambient pressure plasmas in other gases, and the
framework of the models also allow for improvements and other biophysical models to be
brought in. In the case of plasma-biofilm interactions, the model could be modified for
other applications of liquid-containing plasmas such as nanoparticle fabrication [190] and
wastewater management [191]. The plasma-tissue interaction model on the other hand
could be used for food and agriculture applications for example plasma treatment of crops,
vegetable and fruits.
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Appendix 1

See Table 1.

Table 1 Concentrations and fluxes at different transport nodes at O,/He = 1 %

At the liquid-facing electrode In the reactive gas film Entering the liquid phase

Species Ciem™@) T Species Ci(em™) Iy Species  T; (m~2s7h
Am~2s7h (m2s™h

e 43 x 108 9.0 x 10" ¢ 43 x 108 9.0 x 10" ¢ 9.0 x 10"

0~ 26 x 107 73 x 10" O~ 26 x 100 73 x 10" O~ 73 x 10"

0, 7.0 x 106 1.4 x 10" 0,” 7.0 x 10° 1.4 x 10" 0O, 14 x 10"

05~ 74 x 10° 12 x 10" 05 74 x10° 12 x 10 05~ 1.2 x 10'

0, 37 % 10% 51 x 105 04 37 x 10 51 x 10° HY 8.9 x 10"

He™ 6.7 x 10> 9.9 x 10° He" 6.7 x 10> 99 x10° O 1.0 x 107

He,* 74 x 100 1.9 x 10" He," 74 x 10 1.9 x 10'° 0O('D) 6.3 x 10"

ot 12 x 108 29 x 10"® OF 12 x 108 29 x 10" 0O('s) 7.2 x 10"

0," 24 x 10" 5.1 x 10" H"(H,0), 4.8 x 10'° 89 x 10'> 0,(a'Ay) 6.6 x 10'°

0," 24 x 10" 38 x10%° O 4.1 x 10" 87 x 10° 04 eq.(14)

He" 8.4 x 10 42 x10° 0O(D) 25 x10° 1.0 x 107 HO, produced in the

He, 25 x 10> 87 x 10° 0('S) 29 x 10° 63 x 10" HO;, liquid phase

0 4.1 x 10" 1.0 x 107 0a'Ay) 3.8 x 10" 72 x 10" H,

o('D) 25 x 10° 63 x 10" 0,6'TH 52 x 107 6.6 x 10'° OH

o('s) 29 x 108 72 x 10" 0,(v) 24 x 10" 92 x 10" OH™

0y(a'Ay) 3.8 x 10" 6.6 x 10' 04 1.5 x 10" 43 x 10" HO,™

0,(b'sH)  52x10"” 9.2 x 10"

0,(v) 24 x 10" 43 x 10"

0, 1.5 x 10" 22 x 10"

Appendix 2

See Table 2.
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Table 2 Liquid phase chemical reactions

No Chemical Reactions Rates [s 'or M~ 's™'] Ref
1 0+0,-0; 4.0 x 10° [79]
2 0 + 0-0, 2.8 x 10" [79]
3 0,2 + H,0 - 0, + H,0 49 x 10° (80]
4 0,a + OH - O, + OH 22 x 10° (80]
5 0(1d) + H,0 - H,0, 1.8 x 10" [81]
6 0(1d) + H,0 — 20H 23 x 10710 [82]
7 H*+OH™ ->H,0 1.4 x 10" (78]
3 H,O0 — H*+ OH™ 1.4 x 107 (771
9 H,0, - H"+ HO,™ 1.12 x 107" [77]
10 H*+HO, — H,0, 5.0 x 10" [77]
11 H,0, + OH™-HO, +H,0 1.3 x 10%° [77]
12 HO, +H,0 - H,0, + OH™ 5.8 x 107+ (771
13 e + H,0 - H+OH™ 1.9 x 10

14 H + OH —»e +H,0 2.2 x 107 [77]
15 H-e +H' 3.9% (771
16 e+H'->H 23 x 10" [77]
17 OH 4+ OH - O™ + H,0 1.3 x 10 [77]
18 0 +H,0 — OH + OH™ 1.03 x 10%* (771
19 OH - O~ + H" 1.26 x 107" [77]
20 O +H"-OH 1.0 x 10" [77]
21 HO, - O, +H" 1.35 x 10%* [77]
22 0,”+H"-HO, 5.0 x 10" [77]
23 HO, + OH™ -0, +H,0 5.0 x 10" [77]
24 0, +H,0 — HO, + OH™ 18.5767* [77]
25 e + OH - OH™ 3.0 x 10" [77]
26 e + H,0, » OH + OH™ 1.1 x 10" [77]
27 e + 0,7 +H,0 —» HO, +OH" 1.3 x 10"[H,0] M~%~! [77]
28 e + HO, —» HO,™ 2.0 x 10" [77]
29 e+ 0, > 0, 1.9 x 10 [78]
30 2e + 2H,0 — H, + 20H™ 5.5 x 10%[H,0)* M3s~! [77]
31 e + H+H,0 —» H, + OH™ 2.5 x 10"[H,0] M %s~! (771
32 e + HO," >0 +OH™ 3.5 x 10" [77]
33 e+ 0 + H,0 > OH +0OH" 22 x 10"[H,0] M~%~! [77]
34 e + 037 +H,0 - O, 4+ 20H" 1.6 x 10"/[H,0] M %s~! (771
35 e+ 03 > 05 3.6 x 10" (771
36 H + H,0 - H, + OH 1.1 x 10" [77]
37 H+0 - OH" 1.0 x 10" 77
38 H + HO, —>OH + OH" 9.0 x 10" [77]
39 H + 0" —>O0H +0, 1.0 x 10" [77]
40 H + H-H, 7.8 x 10° [77]
41 H + OH — H,0 7.0 x 10° (771
42 H + H,0, - OH + H,0 9.0 x 107 [77]
43 H+0,- 0, 2.1 x 10" 77
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Table 2 continued

No Chemical Reactions Rates [s'or M~ 's7!] Ref
44 H + HO, - H,0, 1.8 x 10" [77]
45 H+ 0, -»HO,~ 1.8 x 10" (771
46 H + 0; - HO; 3.8 x 10" (771
47 20H — H,0, 3.6 x 10° (771
48 OH + HO, — H,0 + 0, 6.0 x 10° (771
49 OH + 0,”-»0H 40, 8.2 x 10° (771
50 OH + H, » H+H,0 43 x 10’ (771
51 OH + H,0, — HO, + H,0 2.7 x 10’ (771
52 OH + O~ — HO,~ 2.5 x 10"

53 OH + HO,” —»HO, + OH™ 75 x 10° (771
54 OH + 03705 + OH™ 2.6 x 10° (771
55 OH + 03~ —»20, +H* 6.0 x 10° [77]
56 OH + 0; - HO, 4+ O, 1.1 x 108 [77]
57 HO, + 0,” —»HO, 40, 8.0 x 107 (771
58 HO, 4+ HO, - H,0, + O, 7.0 x 10° [77]
59 HO, + O~ - 0, + OH™ 6.0 x 10° [77]
60 HO, + H,0, —» OH + O, + H,0 5.0 x 107! [77]
61 HO, 4+ HO, " —»OH + O, + OH™ 5.0 x 107! [77]
62 HO, 4+ 037 —20, +OH" 6.0 x 10° [77]
63 HO, 4+ O; - HO; + O, 5.0 x 10® [77]
64 20, +2H,0 — H,0, + O, + 20H" 1.0 x 10%[H,0]> M™%~

65 0,”4+0"+H,0 — 0, 4+ 20H" 6.0 x 10%[H,0] M~%s~! [77]
66 0, +H,0, - OH + O, + OH™ 1.3 x 107! [77]
67 0, +HO, >0 +0, + OH™ 13 x 107! [77]
68 0, 403 +H,0 — 20, +20H" 1.0 x 10%[H,0] M~ %s~! [77]
69 0,7 40; - 03740, 1.5 x 10° [77]
70 207+H,0 —» HO, +OH~ 1.0 x 10%[H,0] M %s~! (771
71 0 +0, - 05~ 3.6 x 10° [77]
72 O~ +H, - H+OH™ 8.0 x 107 (771
73 0~ +H,0, » 0,”+H,0 5.0 x 10® (771
74 0~+HO, >0, +OH" 40 x 108 [77]
75 074057 —20,~ 7.0 x 10 (771
76 0403 » 0,740, 5.0 x 10° [77]
77 0;7 -0, + 0~ 33 x 10° [77]
78 0; +H" -0, + OH 9.0 x 10" [77]
79 HO; — O, + OH 1.0 x 10° [77]
80 0 + OH —HO,~ 1.1 x 10° [77]
81 H,0, + 0—O0OH + HO, 1.6 x 10° [77]
82 H,0, — 20H 23 x 1077 [77]
83 O + HO, —»OH + 0, 53 x 10° [771
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Table 2 continued

No Chemical Reactions Rates [s'or M~ 's7!] Ref

84 O; + H,0, — OH + HO, + O, 3.0 x 10° [77]

Rates for one-body, two-body, three body and four body reactions are in the unit of, respectively, s~
M~ T M2 5T, M2 5!

The * is used to indicate reaction rates calculated from ionization rates in Ref. [79]

Appendix 3

See Table 3.

Table 3 Diffusion coefficients in liquid phase

Species Diffusion coefficient (cm?/s) Reference
0 2.00 x 1073 [98]
0o('D) 2.00 x 1073 [98]
0,(a) 1.97 x 107° [99]

0, 1.75 x 1073 [100]
OH 230 x 1073 [101]
HO, 1.00 x 1073 as H,0,
HO; 1.00 x 1073 as H,0,
H,0, 1.00 x 1073 [102]
H, 450 x 1073 [98]

H 450 x 1073 as H,

e 1.00 x 107! [103]
H' 931 x 107° [76]
OH™ 526 x 1073 [76]
HO,~ 1.00 x 107° as HO,
on 2.00 x 107° as O
0,” 1.97 x 1073 as O,
05~ 1.75 x 1070 as O;

Appendix 4

See Table 4.

Table 4 Maximum electric current and exposure time for human body [152]

Exposure time (min) 6 5 4 3 2 1 0.5

Contact RMS current (mA) 45 49 55 64 78 110 155

Appendix 5

See Table 5.
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