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Abstract

®

CrossMark

Gelatin gels are used as surrogates of human tissues to study their barrier effects on incoming
reactive oxygen and nitrogen species (RONS) generated by surface air discharge. The
penetration depth of nitrite into gelatin gel is measured in real time during plasma treatment,

and the permeabilities of nitrite, nitrate, O3 and H,O, through gelatin gel films are quantified
by measuring their concentrations in the water underneath such films after plasma treatment. It
is found that the penetration speed of nitrite increases linearly with the mass fraction of water
in the gelatin gels, and the permeabilities of nitrite and O3 are comparably smaller than that
for H,O, and nitrate due to differences in their chemistry in gelatin gels. These results provide
a quantitative basis to estimate the penetration processes of RONS in human tissues, and they
also confirm that the composition of RONS is strongly dependent on the tissue depth and the
plasma treatment time. A small electric field of up to 20V cm™! can greatly reduce the barrier
effects of the tissue model regardless of their directions, for which the underlying mechanism
is unclear. However, the electric field force on the objective RONS should not be the dominant

mechanism.

Keywords: cold atmospheric-pressure plasma, surface air discharge, tissue model, barrier

effect, RONS

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

1. Introduction

The interaction between cold atmospheric-pressure plasmas
and living tissues is a critical topic of plasma science and
many clinical applications such as chronic ulcer therapy [1],
blood coagulation [2], dental care [3] and cancer treatment
[4]. Physically, living tissue acts as a barrier to inhibit the pen-
etration of plasma-generated ‘cocktails’, including the reac-
tive oxygen and nitrogen species (RONS) which are believed
to be responsible for the therapeutic effects [S]. Considering
that some RONS have very short lifetimes in living tissues,
~1 ns in the case of OH for instance, the composition of

0022-3727/16/205204+8%33.00

plasma-induced RONS should be strongly dependent on the
tissue depth. This indicates that the RONS in living tissues
which are effective for clinical applications might be very dif-
ferent to that existing in the nearby gas phase. For example,
melanoma cells normally distribute in the hypodermis layer
which is at least 100 pm from the skin surface [6, 7], pre-
venting most kinds of gaseous reactive species from pene-
trating through the skin layer before reaching the target spots.
So far, little has been known of the barrier effects of living
tissues on the plasma-generated RONS, leading to a big chal-
lenge for designing and optimizing plasma sources for clinical
applications.

© 2016 IOP Publishing Ltd  Printed in the UK
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Studying the barrier effects requires quantification of the
penetration depths of RONS in human tissues at a microscale
level, which is beyond the current capability of experimental
investigations. Tissue models are used for this investigation,
of which the simplest one is water [8]. This is because the
living tissues contain a large amount of water; for example,
the mass fraction of water in human skin is ~70% [9]. So,
the penetration of RONS in water is more or less similar to
that in living tissues. Many studies have been reported on
plasma—water interactions in recent years, but only a few of
them quantified the penetration depths of RONS by simula-
tion [8—11]. This is mainly due to the liquidity of water and
the irregular activity of aqueous molecules which lead to a
big challenge for spatially resolved measurements [12, 13].
Recently, gelatin gel has been used by Szili et al as a surro-
gate for real tissue to study the penetration of RONS gener-
ated by a plasma jet [14—16]. The gelatin gel consists of water
and collagen, the most abundant extracellular matrix protein,
and the collagen inhibits the liquidity of water. This suggests
that properly prepared gelatin gels can serve as a good tissue
model for studying the barrier effects of human tissues on
plasma-generated RONS.

In this paper, tissue models made of gelatin gels are used
to investigate their barrier effects on the RONS generated by
a surface air discharge. Surface air discharge easily gener-
ates large-area, high-reactivity cold plasmas, and hence it has
recently been used in various biomedical applications [17-20].
Different to the reactive species generated by plasma jets as
reported by Szili et al [15, 16,21, 22], for surface air discharge
the charged species cannot act on the tissue models because
of the air gap between the plasmas and the gelatin gels which
are filled in dishes. The biological effects have been found
to be very different for the charged species acting on the tar-
gets or not [23]. Moreover, the compositions of neutral RONS
are very different for a helium plasma jet and a surface air
plasma; for example, the yield of O3 by the surface air plasma
is typically much larger [24, 25]. These findings suggest that
the tissue models treated by a surface air discharge should be
very different to those treated by a helium plasma jet. The
barrier effects of the tissue models are quantified by online
measuring the penetration depths of nitrite (HNO,/NO;)
during the plasma treatment, as well as comparing the densi-
ties of nitrite, nitrate (HNO3/NOy3), O3 and H,0, in dishes of
deionized water with and without the covering of gelatin gel
films after plasma treatment. For the purpose of reducing the
barrier effects, the influence of small electric fields on the bar-
rier effects is then studied. Concluding remarks are presented
at the end.

2. Experimental methods

The experimental setup for online measurement of nitrite pen-
etration in tissue models is shown in figure 1. It consists of a
surface discharge reactor and a downstream dish of gelatin
gels, separated from each other by an air gap of 1cm. The
discharge reactor consists of a plane high-voltage electrode,
a grounded mesh electrode, and a dielectric sheet sandwiched

between the two electrodes. Each grounded mesh has ahexagon
shape. For more details of the discharge reactor, please refer
to our previous publications [11, 26-28]. Gelatin gels were
prepared by mixing pure gelatin powder (MP biomedicals)
with water solution according to the standard protocol. The
water solution was made by adding Griess reagent (beyotime
biotechnology) into deionized water for indicating nitrite by
color-forming reactions. The mass fraction of gelatin gel is
varied from 1.5% to 30% to represent different kinds of living
tissues; for example, the mass fraction of water in human
skin is typically 70% (equivalent to 30% of gelatin), and for
blood which is considered a specialized form of connective
tissue it is ~85% [29]. The dish filled with gelatin gel was
tailor-made of quartz glass, which has a cuboid shape with
dimensions of 2 x 3 x 1.2cm (width x length x height).
The thickness of each side is 0.1 cm, so the height of gelatin
gel is kept at 1.3 cm. Compared to the cylinder shape which is
typically used for Petri dishes, the cuboid shape is important
in this study because it reduces the refraction of light at the
dish side and hence benefits the absorption spectroscopy mea-
surements. The discharge reactor and the dish of gelatin gel
were semi-closed in a box, of which the height position was
controlled by a height adjuster with an adjusting precision of
10 pm (see figure 1).

For the online measurements of nitrite penetration, a
sinusoidal voltage with a peak-to-peak value of 9kV and
a frequency of 20kHz was applied. The waveforms of dis-
charge voltage and current were recorded by an oscilloscope
(Tektronix, DPO3000) with a high-voltage probe (Tektronix,
P6015A) and a current probe (Tektronix, P6021). Surface air
plasmas were generated in the grounded meshes, covering a
large area of about 16cm? with a good mesh-to-mesh homo-
geneity [11]. Gaseous reactive plasma species diffuse through
the air gap and some of them penetrate into the gelatin gels.
For the absorption spectroscopy of the gelatin gels, a laser-
driven light source (Energetiq, EQ-99FC) was used with
spectral output from 170 to 2100nm. The light was vertically
incident on one side of the dish, and the emergent light out
of the opposite side was collected by a spectrometer (Ocean
Optics, USB2000). The optical fibers used here have a diam-
eter of 60 pum, so the spatial resolution should be ~60 pm.
However, the diffraction and interference of light at the gas—
gelatin gel interface are very strong, and hence it is difficult
to determine the interface position. To avoid this, two home-
made field stops were used in front of the optical fibers (see
figure 1). Each field stop is a hollow tube which has an inner
diameter of 1 mm and a length of 2 cm, and therefore only light
almost parallel to the axis of the tube can pass through the
field stop. The field stops were fixed, and hence the light could
pass though different depths of the gelatin gel by adjusting
the height adjuster. Based on the experimental setup shown
in figure 1, the penetration depths of nitrite were detected by
comparing the absorption spectral lines of the gelatin gels
before and after plasma treatments.

For the offline (after plasma treatment) measurements of
nitrite, nitrate, H,O, and Oj in the deionized water covered
by I'mm thick gelatin gel films, most of the experimental
conditions were the same as that for the online measurement.
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Figure 1. Schematic diagram of the experimental setup.

The main differences are that absorption spectroscopy was
no longer used, the deionized water filled in 96-well plates
was covered by gelatin gel films, and the RONS in the water
were detected by spectrophotometry immediately after
plasma treatments. The concentrations of H,O,, nitrate and
nitrite were measured by using a microplate reader (Thermo
Scientific Varioskan® Flash Reader). Amplex® Red reagent
was added into the water right after the plasma treatment,
and it reacted with H,O, in a 1:1 stoichiometry to produce
the red-fluorescent oxidation product, which was excited at
A =550nm and emitted at A =595nm. Similarly, Griess
reagent was added into the water to detect nitrite, and the
absorbance was measured at A = 540nm. A nitrate reductase
enzyme was used to transform nitrate into nitrite, and in that
case the absorption spectral at A = 540nm reflected the total
concentration of nitrite and nitrate. Then the nitrate concentra-
tion was obtained by using such total concentration minus the
nitrite concentration. For the measurement of O3, an indigo
reagent (AccuVac® Ozone Reagent) was utilized, and the
absorption spectral at A = 600nm was recorded by a spec-
trophotometer (Hach, DR3900). The offline measurements
were also performed for similar deionized water without the
cover of gelatin gels, of which the results were used as control
groups to reflect the barrier effects of the gelatin gels. All the
offline measurements were repeated three times, except for
the H,O, permeability test which was repeated five times for
each DC voltage to facilitate statistical analysis.

Furthermore, small electric fields were applied on the
gelatin gels and the gelatin gel-covering deionized water as
described above, for the purpose of controlling the penetration
of RONS. The experimental conditions and the measurement
methods are similar as described above, only that two extra
electrodes were used. A grounded wire-mesh was put on the
gelatin gels, and a low-voltage plane electrode placed under-
neath the dish. Small voltages of +5, +10, +15 and £20V
were applied on the low-voltage plane electrode, and therefore
an electric field of less than 20V cm ™! was applied on the gel-
atin gels as well as the deionized water. The penetration depth
of nitrite in the gelatin gels and the concentration of H,O; in
the deionized water were measured. Their dependence on the

1cm
30s 60s

120s 240s

Figure 2. Side images of gelatin gels mixed with Griess reagent
after different times of plasma treatment.

small voltage value indicates the effect of electric field on the
permeability of gelatin gels.

3. Results and discussions

3.1. Penetration processes of nitrite in gelatin gels

The side images of gelatin gels mixed with Griess reagent in
quartz dishes are shown in figure 2, with respect to plasma
treatment times of 30, 60, 120 and 240s. The mass fraction
of gelatin is 15%. It can be seen that the depth of dark red-
dyed area (representing the existence of nitrite) increases with
the plasma treatment time, indicating that a large amount of
nitrite species diffuse across the air gap and keep penetrating
into the gelatin gels. The boundaries of dyed and un-dyed
areas are parallel to the gas—gelatin gel interface, indicating
that the particle flux of nitrite on the gelatin gel surface is
homogeneous. Compared to a similar experimental system
where a dish of water is treated by surface air discharge [13],
such boundaries are much more smooth and clear, because the
gelatin inhibits the liquidity of water and the irregular activity
of aqueous molecules. This allows the penetration depths of
nitrite to be accurately determined in real time.

As presented above, absorption spectroscopy is utilized
for determining the penetration depths of nitrite in the gelatin
gels. The typical absorption spectra in the visible light range
are shown in figure 3(a) for a gelatin gel (5% gelatin in mass)
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Figure 3. Absorption spectral image in the visible range (a) and
absorbance at A = 540 nm for different height positions (b) of
gelatin gels before and after 5 min plasma treatment.

before and after Smin plasma treatment. For the measure-
ments in the figure, the line light is incident on a dish side,
5Smm from and parallel to the upper surface of the dish, and
its optical distance in the gelatin gel is 2cm. It can be seen
that the difference in absorbance is maximum at A = 540nm
(marked A in figure 3(a)), indicating that this wavelength is
most sensitive to the existence of nitrite. So, in figure 3(b)
this wavelength is used to determine the penetration depth of
nitrite for a plasma treatment time of 5min. For the gelatin
gel before and after plasma treatment, both absorbance curves
have peaks at a height position of ~5.4 mm (scale in the height
adjuster) which are marked B in figure 3(b). This is caused
by the diffraction and interference of light at the gas—gelatin
gel interface, which cannot be eliminated even when two field
stops were used. The absorbance curves coincide when the
height position is larger than 8.5mm, indicating that little
nitrite exists in the gelatin gels beyond such a height value.
The dash line marked with C in figure 3(b) represents the
height position where the difference in absorbance of the two
curves is 0.1. This difference value definitely demonstrates the
existence of nitrite in the gelatin gel, and it is large enough to
avoid the probable disturbance. The density of nitrite at posi-
tion C for the plasma treated gelatin gel is about 3 x 10'8 cm—3
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Figure 4. Penetration depths of nitrite with plasma treatment time
(a) and their dependence on the mass fraction of gelatin (b).

(~5nM), by comparing with the absorbance of a gelatin gel
made by mixing gelatin powder with NaNO, solution. In this
paper, the penetration depth is defined by using the height
position of C minus that of B.

The dependences of penetration depths of nitrite on the
plasma treatment time are shown in figure 4(a), with respect
to the gelatin gels with 5%, 15% and 30% mass fraction of
gelatin. The data of penetration depths used in figure 4(a) are
larger than 0.5 mm, because below such a value the disturbance
by diffraction and interference is strong (see figure 3(b)). It
is interesting that the penetration depths for all three gelatin
gels increase almost linearly when the treatment time is larger
than 175s, but below such a value their increase rates keep
decreasing. This trend is in accordance with the numerical
results of RONS penetration in deionized water induced by
a similar surface air discharge, in which the reason is mainly
ascribed to the accumulation of RONS in the gas phase [11].
This applies to the gelatin gels since they are water-rich. A
time of ~175s is needed for the gaseous RONS to accumulate
to certain density values to reach equilibrium with the dissolu-
tion loss. It can be seen from figure 4(a) that the penetration
depth decreases with the increasing mass fraction of gelatin,
which is clearly shown in figure 4(b) for the plasma treatment
time of 5 min with mass fraction of gelatin varying from 1.5%
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Figure 5. Deionized water treated by surface air discharge with the barrier of a gelatin gel film (a) and without the barrier of gelatin gel (b),
as well as the RONS concentrations in deionized water for three experimental scenarios after 5 min plasma treatment (c).

to 30%. Interestingly, the penetration depth decreases almost
linearly with the increasing mass fraction of gelatin. Defining
cm (%) as the mass fraction of water (one minus the mass frac-
tion of gelatin) and #, (s) the plasma treatment time, the pen-
etration depth d, (mm) can be roughly given by

dp =225 x 1072 (cy — 0.6)1,, (1)

The formula (1) is valid for the mass fraction of water down
to 70%. Using this formula, the penetration speed of nitrite
in pure water can be estimated to be 9 x 107> mm s~! with
threshold nitrite concentration of 3 x 10'® cm—3 (~5nM). This
penetration speed is hard to measure as discussed above, but
here we suggest that it can be estimated according to the pen-
etration depth measurements for gelatin gels. Also, the pen-
etration speeds of RONS in living tissues with different water
content can be estimated according to this formula, which is
important for plasma medicine research but has never been
quantified.

3.2. Permeability of RONS through the gelatin gels:
quantification and control

The main RONS in liquids induced by the surface air dis-
charge are Os;, HyO,, nitrite and nitrate as reported in the
literature [11, 17, 19]. This might apply to the gelatin gels
since they are water-rich. However, the penetrations of these
RONS except for nitrite in gelatin gels are difficult to online
measure by absorption spectroscopy. For example, the color-
forming indicators for H>O,, potassium titanium (IV) oxalate
and titanium (IV) oxysulfate (TiOSOy solution), were tried,
but the absorption spectra of their products are close to that
of the gelatin gels, and therefore the penetration depth cannot
be determined explicitly. Instead, these RONS were detected
in a dish of deionized water covered by gelatin gel films after
plasma treatments, as shown in figure 5(a). For comparison,
these RONS were also detected in a similar dish of deionized
water without the covering of gelatin gel films, as shown in
figure 5(b). The RONS concentrations of these three scenarios
are shown in figure 5(c) for the plasma treatment time of
5min, of which the concentration differences reflect the bar-
rier effects of the gelatin gels. The height of each bar repre-
sents the average measured concentration with an error bar of

the standard derivation. The standard derivations are compara-
tively small and hence the concentration trends for the three
scenarios are valid.

As shown in figure 5(c), the concentrations of all these
RONS are significantly reduced by the barrier of the gelatin
gel slice. For the 1 mm gelatin gel film with 15% gelatin in
mass fraction, the concentration of Oz is reduced ~three-
fold, for H,O; it is ~two- fold, for nitrite it is ~eight-fold, and
for nitrate it is ~two-fold. When the mass fraction of gelatin
increases to 30%, the decrements are even higher by at least
30%. It should be noted that the specificity of H,O, indicator,
Amplex® Red reagent, was tested by adding it into NaNO,
and NaNOj; solutions, of which no fluorescence signal was
detected. It was reported that O3 has little influence on the
Amplex® Red reagent [30-32], and even if it has, the meas-
ured concentrations of H,O, will not change a lot since O;
densities are much lower. As shown in figure 5(c), the barrier
effects of gelatin gels are different for the four RONS, which
may be attributed to the RONS-incorporated chemical reac-
tions that happen in the gelatin gels. For example, the reaction
between O3 and NO, was predicted to be strong in liquids
[11], as given by

03+ NO; = O, + NO;. 2)

Since gelatin gels are water-rich, this reaction may explain
why the reductions of O3 and nitrite are stronger than that for
H,0; and nitrate. It should be noted that only four species are
studied, and possibly the barrier effects for some other species
have different trends.

From an applications point of view, it is of importance to
enhance the permeability of living tissues because the target
spots of many diseases are located in the living tissues with
certain depths. Here small electric fields were used to regulate
the permeability of RONS, which are capable of changing the
penetration depths of O, and H,O; in plasma-activated water
as reported previously [33]. A grounded wire-mesh was put on
the gelatin gels, and another plane electrode is put underneath
the dish for which DC voltages of +5, £10, =15 and +20V
were applied. For clinical applications, these DC voltages are
in the safety range according to IEC/TS 61201-2007. The
dish was either filled with gelatin gels for studying the regu-
lation on the permeability of nitrite (see figure 6(a)), or with
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Figure 6. The influence of small electric fields on the permeability of RONS. (a), (d) Schematic of the experimental setup; (b),
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different operating DC voltages. The time for surface discharge treatment is 5 min.

deionized water covered by a 1 mm thick gelatin gel film for
that of H,O; (see figure 6(d)). The time for plasma treatment
was kept at 5 min.

As shown in figures 6(b) and (c), the penetration depth of
nitrite in gelatin gels (with 15% and 30% mass fraction of
gelatin) increases linearly with the electric field regardless
of its direction. For the positive voltage (the electric field is
upwards) this increase is easy to understand at first glance
because the electric field force for NO, is downwards, but for
the negative voltage (the electric field is downwards) it is very
strange since the force repels NO; for penetration. Comparing
the positive voltage with the negative one, the former has a
stronger effect on increasing the penetration of nitrite. These
phenomena suggest that the direct drive on NO; by the elec-
tric field force might be one reason for enhancing its penetra-
tion depth, but it should not be the dominant one.

As shown in figure 6(e), the concentration of H,O, in
the gelatin gel-covering water is also enhanced by the elec-
tric field, and this enhancement is regardless of the electric
field direction too. Here, the measurements were repeated
five times for each DC voltage, and an independent-samples
T test was made on the results of different DC voltages as

shown in figure 6(e), which in general demonstrates signifi-
cant variations among the cases of 0V, +15V and —15V
(p < 0.05). Only when the mass fraction of gelatin gel is
30% do the results of +15V and —15V have no significant
differences (p ~ 0.25). Since H,0, is a neutral species, this
further confirms that the electric field force on the objective
RONS should not be the main mechanism for the increase of
gelatin gel permeability. According to the simulation for the
plasma-activated water as presented previously, the eigen-
electric field formed by the self-ionization of RONS (mainly
HNO,, HNO3 and N,0Os) will inhibit their penetration [11].
So, one hypothesis is that the extra electric field destroys
the hydrolysis-formed electric field and therefore enhances
the permeability. Another hypothesis is the structures of the
tissue models are changed by the electric field, although no
change is observed. This is possible because the comparable
electric fields have been found to enhance drug delivery in
human skin [34, 35]. Therefore, the results shown in figure 6
suggest that small electric fields of several to several tens of
V cm~! are effective for changing the living tissue perme-
ability; values much lower than that needed for cell elec-
troporation [36].
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4. Conclusion

Delivery of plasma-induced RONS to target spots in human
tissues is crucial for plasma medicine, but so far the barrier
effects of the tissues have not been well understood. Here, gel-
atin gels are used as surrogates of human tissues to study their
barrier effects on the incoming RONS generated by a surface
air discharge. The penetration processes of nitrite into the
model tissue are measured during plasma treatment by using
absorption spectroscopy and a color-forming indicator. The
concentrations of nitrite, nitrate, O3 and H,O, in the deionized
water underneath 1 mm thick gelatin gel films are measured
by spectrophotometry after plasma treatment, and the perme-
ability of the tissue models is then quantified by comparing
the concentrations with that without the covering of gelatin
gel films. For the purpose of controlling the barrier effects of
the tissue models, a small electric field of up to 20V cm s
applied on the plasma-treated sample. In that case the penetra-
tion depths of nitrite as well as the concentrations of H,O, in
the deionized water are measured again, and the effect of elec-
tric field on the barrier effects is then obtained by comparing
the results with that without the electric fields.

It is found that the penetration speed of nitrite decreases
linearly with the mass fraction of gelatin in the tissue models.
For mass fractions of water down to 70% and the threshold
nitrite concentration of 3.01 x 10'® cm™3, the penetration
depth (mm) can be formulated by 2.25 x 10~*(cp, — 0.6)t,
with ¢y, (%) the mass fraction of water and £, (s) the plasma
treatment time. This formula might be useful for roughly
estimating the penetration depths of plasma-induced RONS
in human tissues as well as biological solutions. The perme-
abilities of tissue models on nitrite, nitrate, O3z and H,O, are
different, of which they are smaller for nitrite and Os. This
suggests that the composition of RONS in living tissues vary
with the tissue depth and plasma treatment time, which should
be considered for clinical applications. It is interesting that
small electric fields can greatly reduce the barrier effects of
the tissue models on nitrite and H,O,, which might be useful
for the delivery of RONS to target spots in human tissues.
This reduction is relatively independent of the polarity of the
electric field, suggesting that the electric field force on the
object RONS should not be the dominant mechanism. Two
hypotheses are made for this reduction: (1) the electric field
formed by hydrolysis of plasma-induced species is destroyed
by the external electric field which enhance the penetration
speeds of RONS, and (2) the structure of gelatin gels might
be changed to some extent by the electric field, although
nothing is observed. Further studies are required to elucidate
the underlying mechanism.
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