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Abstract

®

CrossMark

We present in this study how DC bias voltage impacts on the fluxes of reactive species on the
skin tissue by means of a plasma—tissue interaction model. The DC bias voltage inputs less
than 2% of the total discharge power, and hence it has little influence on the whole plasma
characteritics including the volume-averaged densities of reactive species and the heating
effect. However, it pushes the plasma bulk towards the skin surface, which significantly
changes the local plasma characteristics in the vicinity of the skin surface, and in consequence
remarkably enhances the flux densities of reactive species on the skin tissue. With the
consideration of plasma dosage and heat damage on the skin tissue, DC bias voltage is a better
approach compared with the common approach of increasing the plasma power. Since the

DC voltage is easy to apply on the human body, it is a promising approach for use in clincial

applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Recent years have witnessed a significant research interest
in the treatment of living materials such as human skin with
cold atmospheric-pressure plasmas (CAPs) [1, 2]. Although
the mechanism of CAPs’ biological effects is far from being
understood, it is widely accepted that the plasma-generated
reactive species such as O and OH play a dominant role [1, 3].
Therefore, many research works have been reported on the
quantification and/or control of the volume densities of the
reactive species in the last decade [4]. The volume density
reflects the yield of a species, but it may have a different varia-
tion trend with the flux density acting on the living materials.
Taking O* in a radio-frequency (RF) discharge for example,
we have previously reported that the flux density and the
volume-averaged density had much different dependences on
the discharge gap width, the driving frequency, the feeding
gas composition, and so on [5-7]. The time integrals of the
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flux densities (the fluences) of reactive species on the treated
sample represent the plasma dosage, which has been reported
to be sensitive for achieving a desired biomedical effect [8,
9]. Therefore, it is of significance to precisely control and
optimize the flux densities rather than the volume densities of
the reactive species for biomedical applications.

One important aspect for optimizing the flux density is to
enhance its energy efficiency. This is not just for energy con-
servation, it is more important to achieve sufficient plasma
dosage for the desired biomedical effect with minimal heat
damage and treatment time. The heat damage to the living
tissue can be estimated by an empirical formula [10, 11]

t
0= f Aexp(—E,/RT,)dr (1
0
where (2 is the heat damage index, A is a frequency factor that

depends on molecular structure, E, is the activation energy,
R is the general gas constant, and T, is the temperature at a
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Figure 1. Diagram of the plasma-tissue interaction model.

point in the tissue. The heat damage is accumulated with the
treatment time, and it will be irreversible when €2 > 1. Various
approaches have been reported for enhancing the flux densi-
ties of reactive species, but many of them have the drawback
of remarkably increasing the heating effect simultaneously
[1, 12], and hence the plasma dosage for continuous treat-
ment may not increase because the endurable treatment time
is reduced.

Is there any novel method to enhance the flux densities of
reactive species without significantly increasing the heating
effect? From the researches on low-pressure plasmas, a small
DC bias voltage is capable of enhancing the ion flux density on
the treated sample and hence benefits applications such as film
deposition and etching [13—15]. With the DC bias voltage, it is
also possible to enhance the flux densities of reactive species
in CAPs, but to our knowledge this has never been reported so
far. The reports for DC bias voltages used in CAPs are just for
improving the plasma stability, the surface charging perfor-
mance as well as the airflow control [16—18]. This motivates
us to make a tentative study on the correlation between small
DC bias voltages and the flux densities of reactive species on
the living materials.

2. Description of the computational model

An integration model for the interaction of RF plasmas and
human skin has been reported by our group [11], and it is used
here with a little modification. The structure of the model is
illustrated in figure 1, in which the discharge gap (plasma
region) is 2 mm, the thickness of skin tissue is 21.45 mm, and
the feeding gas for discharge is He + 0.5%0O,. The thicknesses
of the skin tissue and its sub-layers are referred from [19]. A
RF source with frequency of 13.56 MHz is applied on the dis-
charge gap, and a DC source is applied on the skin tissue (the
whole tissue has the same potential). The DC voltage biases
the cycle symmetry of the discharge voltage. Considering the
safety requirements for clinical applications, the DC voltage
varies from 0 to 80V according to IEC/TS 61201-2007. The
total input power of the RF and DC sources is kept constant
to be 2W cm 3.

n, (10°cm™) T, (eV) G, (107 cm3s™)
Q 4 8 0 2 4 0 0.5 |

{4

1

0.5

Voltage cycle
DC bias voltage (V)

Figure 2. Spatio-temporal profiles of (a)—(d) electron density (),
(e)—(h) electron temperature (7.) and (i)—(1) electron generation rate
(G.) in the plasma region for different DC bias voltages. d is the
distance from the electrode which is opposite to the skin as shown
in figure 1. The white curves represent the sheath boundaries.

According to [20], we take into account 17 species: elec-
trons (e), positive ions (O3, O3), negative ions (O~, O, O3),
electronic excited species (He*, He3, o('D), 0('S), Oz(alAg)
and Ox(b'Y,)), vibrational excited species (O, v = 1-4) and
ground state neutrals (He, O, O, and O3). The 60 reactions
considered in the model are also obtained from [20]. For
the plasma area, the drift-diffusion equation for each spe-
cies, the electron energy equation, Poisson’s equation and
the gas heating equation are considered. The first three gov-
erning equations are similar to publications by other research
groups [21, 22] and are detailed in our previous publications
[11, 20]. The gas heating equation is described by

o,

Pele g, T Vo (kVTy) =0 @)
where pg, cg, kg, and T, are the density, specific heat capacity,
thermal conductivity and temperature of the gas, respectively.
Q is the heating due to momentum transfer between electrons
and species i and ion Joule heating and given by

i

0= " KoRai(Te ~ Ty) + Jon E 3)

where m, and 7 are the mass and temperature of electrons; m;
and Re; are the mass of species i and the momentum transfer
rate with electrons; Kg, J;on and E are the Boltzmann constant,
ion current and electric field.

In this study, the DC bias voltage is applied on the tissue
surface, as shown in figure 1. In practice, this corresponds to the
fact that a copper wire mesh (a few micrometers in thickness) is
put on the surface of a treated sample and the DC bias voltage
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Figure 3. (a) Spatiotemporal-averaged volume densities and (b)
cycle-averaged flux densities of reactive species for different DC
bias voltages around plasma treatment time of 100s.

is applied on the mesh. The reactive species can deliver to the
skin surface through the mesh, but no current can flow through
the skin tissue since the whole tissue has the same potential.
Therefore, Poisson’s equation is not solved for the tissue area
and only the Pennes heat transfer equation is considered:

o1
pscsa—t‘ = ks V2 Ty, + @oppb(Th — T2) + Qe “)

where p, cs, ks, and T are the density, specific heat capacity,
thermal conductivity and temperature of the skin tissue,
respectively; @y, pp, ¢, and Ty, are the perfusion rate, density,
specific heat capacity and temperature of the blood, respec-
tively; the second term on the right hand side is the net heat
resulted from blood perfusion; gme is heat generated by
metabolism. Thermal parameters of the skin tissue and blood
can be obtained from [11]. It is noted that the heat transfer
equations in the plasma and tissue areas are of the same form,
and can be solved continuously from the plasma area to the
tissue area. The temperature of the electrode is fixed to be
300K, and the temperature in the underside of the skin tissue
is fixed to be 310K (37 °C).

3. Results and discussions

According to the simulation, the spatiotemporal distributions
of electron density, electron temperature and electron genera-
tion rate in the plasma region are plotted in figure 2, for the
DC bias voltages of 0, 20, 40 and 80V. The white curves in
the sub-figures represent the sheath boundaries determined by
n_ = 0.3 ny, in which ny and n_ are the densities of positive
and negative charged species, respectively [7, 23]. To facilitate
the following discussions, the plasma region is divided into
three sub-regions, namely PS1 for the plasma sheath opposite
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Figure 4. (a) The power supplied by RF source (Pgg) and DC
source (Ppc), as well as (b) the dissipated power densities in PS1
(Pps1), PB (Ppg) and PS2 (Pps») as a function of the DC bias
voltage.

to the skin, PB for the quasi-neutral plasma bulk, and PS2 for
the plasma sheath adjacent to the skin.

As shown in figures 2(a)-(d), the electrons oscillate
between the electrode and the skin, and PB has its width
nearly constant during each voltage cycle. With DC bias
voltage increasing from O to 80V, the width of PB decreases
slightly from 1.56 to 1.33mm, the maximum width of PS1
increases from 0.33 to 0.70 mm, and the maximum width of
PS2 decreases from 0.42 to 0.36 mm. The electron density has
its peak increase from 1.97 x 1019 t0 2.35 x 10'° cm™3, but
in average it is nearly unperturbed. The DC bias voltages push
the plasma bulk towards the skin tissue, and in consequence
change the sheath dynamics to a large extent. For example,
the maximal electron temperature in PS1 increases from 2.70
to 4.66¢V, and in PS2 it increases from 2.68 to 3.61¢eV (see
figures 2(e)—(h)). Moreover, the average electron density in
PS2 increases from 2.29 x 108t09.53 x 10% cm™3 (not shown
clearly in figure 2). The increases of both electron density and
electron temperature in PS2 will certainly result in higher
production rates of reactive species in the vicinity of the skin
tissue, which consequently enhance the flux densities of reac-
tive species as will be discussed below. Regarding the elec-
tron generation rate, it is dominant in PB for all the cases (see
figures 2(i)—(1)), suggesting that the plasmas are in o mode.
The electron generation rate in PB increases slightly with DC
bias voltage to compensate the correspondingly increasing
boundary loss of charged species as shown in figure 3.

The influences of DC bias voltage on the volume densities
and flux densities of reactive species are shown in figure 3,
in which O; represents O5(a' Ay) and O5(b'Sy), O” represents
O('D) and O('S), and O», represents the vibrational excited
O,. In general, higher volume density correlates to higher
flux density. For example, the ground state O has the max-
imal volume density as well as the flux density, while for the
helium metastable both densities are minimal due to its strong
reduction via Penning ionization [24, 25]. However, this is
not always true for charged species, for example the volume
density of O3 is higher than that of O3, but the flux density of
Oj is comparatively less by around one order of magnitude.
This is due to the ambipolar field which traps the anions in the
centre part of the plasma [5-7].
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Figure 5. (a) Maximum time of continuous treatment up to {2 = 1 for different DC bias voltages with constant total power density of
2W cm~3; (b) temperature distributions in plasma (P), epidermis (E) and dermis (D) at the treatment of 100s. (c) Relative fluences
of reactive species on the skin tissue for different discharge conditions, of which the fluences are normalized to those for the condition of

power density = 2W c¢cm 3 and DC bias voltage = 80V.

The flux densities on the skin tissue of all the reactive species
increase with DC bias voltage, but the volume densities have
different variation trends for different species (see figure 3). It
is noted that we also investigated the impact of negative DC
bias voltage on the fluxes of reactive species and found that
negative DC bias voltage significantly decreased the fluxes
of reactive species, especially for electron and negative ions.
Therefore, negative DC bias voltage is not discussed in detail.
For the flux density, O} has the maximal increment of more
than 260%, while O3 has the minimal increment of only ~10%.
For the volume density, O3 increases mostly by ~40%, but O,
decreases largest by ~15%. With DC bias voltage increasing
from O to 80V, the average change (absolute value) for the flux
densities of all the species is 107.6%, while for the volume den-
sities it is just 11.9%, less by nearly one order of magnitude.
Both the negative and positive charged species have their fluxes
increasing with DC bias voltage, suggesting that the electric
field force should not be the main reason for their increments.
The reactive species have short lifetimes in CAPs and hence
their movement distances during lifetime are typically less than
200 pm [5-7]. Therefore, the reactive species acting on the skin
tissue should be mainly supplied by the local plasma region near
to the skin, which is roughly the PS2. As discussed above, both
the electron density and electron temperature in PS2 increase
with DC bias voltage, leading to higher densities of reactive
species in such a local region, and consequently enhance their
fluxes on the skin tissue. This may also explain why the influ-
ence of DC bias voltage on the flux densities is generally much
more pronounced than that on the volume densities.

Why do the electron density and electron temperature
increase in PS2 with the DC bias voltage despite of the invari-
able total input power? In order to elucidate the underlying
mechanism, we plotted in figure 4 the power supply and dissi-
pation in the plasma regions of PS1, PB and PS2. As shown in
figure 4(a), the power density supplied by the RF source (Pgp)

decreases but the power density supplied by the DC source
(Ppc) increases with the increasing DC voltage. In contrast to
RF power density, it is interesting that the RF voltage increases
from ~233 to ~245V. The DC power density is much lower
than the RF power density, which is at most ~0.036 W cm™3
when DC voltage is equal to 80V. However, it dramatically
changes the power dissipations in the sheath regions of the
plasma (see figure 4(b)).

As shown in figure 4(b), the dissipated power densities in
the plasma regions of PS1, PB and PS2 keep increasing with
DC bias voltage. The increments are ~1.2 in PB, ~6.4 in PS1,
and ~9.2 in PS2 with DC bias voltage increasing from 0 to
80V. Although the power densities in all three regions of the
plasma increase, it is noted that the average power density
remains invariable because PB narrows down (see figure 2)
and the power density in PB is much larger than those in PS1
and PS2. Since the dissipated power density in PS2 increases
by nearly one order of magnitude, the electron density and
electron temperature increase there accordingly (see figure 2).
This yields more reactive species in the vicinity of the skin
tissue, and finally enhances the flux densities. The DC bias
voltage increases the flux densities of reactive species by at
most 2.6 fold (for O3 as shown in figure 3) with less than
2% of the total power injection, so it is an energy-efficient
approach for enhancing the flux densities of reactive species.

Besides the energy efficiency, what is more important for
clinical applications is to generate a plasma with large fluxes
of reactive species and near body temperature. Continuously
heating may lead to irreversible damage of the living tissues
as can be estimated by formula (1) with 2 > 1, which needs
to be avoided for clinical applications [10]. In this regard, the
maximal fluences of reactive species for continuous plasma
treatment should be restricted by the criterion of 2 =1,
which depends on both the plasma-tissue heating intensity
and the treatment time. In order to demonstrate that DC bias
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voltage is an efficient approach to enhance the plasma dosage
on living tissues, the maximal time of continuous treatment
(corresponding to 2 = 1), the temperature distribution in the
skin tissue at a moment, and the maximal fluences (relative
values) of reactive species on the skin tissue are compared
for the plasmas with and without DC bias voltages, as well
as the non-biased plasma with higher power density of 3.2W
cm~3, as are shown in figure 5. When the power density is
3.2W cm 3, the flux of electrons is the same to the plasma
with power density of 2W c¢cm~* and DC bias voltage of 80V.

As shown in figure 5(a), it is interesting that the maximal
treatment time decreases by nearly one third from 215 to 144s
with DC bias voltage increasing from 0 to 80V, although
the total power density of the plasmas is invariable. This is
because more power is dissipated in the local plasma region
near the tissue (see figure 4(b)), and hence the heat flux on
the tissue is enhanced. As shown in figure 5(b), the temper-
ature in the skin tissue increases with the DC bias voltage for
the same treatment time of 100s. One common approach for
enhancing the flux densities of reactive species is to increase
the plasma power density, but the heating effect is enhanced
correspondingly, which will in turn decrease the maximal
time of continuous plasma treatment. For the non-biased RF
plasma with power density of 3.2W c¢cm~?, the temperature in
the skin tissue at the treatment time of 100s is much higher
(see figure 5(b)), and correspondingly the maximal time for
continuous treatment is reduced to just 90s.

As shown in figure 5(c), the DC bias voltage increases the
maximal fluences of all the reactive species significantly for
continuous plasma treatment. Compared with the common
approach for optimizing the fluences of reactive species by
increasing the plasma power density, the increments of fluences
by DC bias voltage are more pronounced for all the reactive
species. The most increment happens for O* of ~4.5 fold with
Vi, =80V, while it is just ~2.7 fold by increasing the plasma
power (see figure 5(c)). Therefore, the DC bias voltage is a
novel approach to enhance the plasma dosage on living tissues.

4. Conclusions

In summation, the DC bias voltage introduces little power to
the RF plasma and has little influence on the whole plasma
characteristics including the volume densities of reactive spe-
cies and the heating effect, but it significantly changes the
local plasma characteristics in the vicinity of the skin surface,
which in consequence remarkably enhances the flux densi-
ties of reactive species on the skin tissue while restricting the
increase of heating effect. This makes the DC bias voltage a
better approach for optimzing the plasma dosage on living
materials compared with the common approaches such as
increasing the plasma power. The DC voltage is easy to apply
on the human body, and it is a promising approach for use in
clincial applications.
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