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ABSTRACT: Cold atmospheric pressure plasmas have emerged as a promising new tool for 
medical applications.  Compared to conventional thermal plasma, such as arc coagulators and 
desiccators, cold plasma can be more selective in its application and may be used for effective 
sterilization of skin and wound tissue, wound healing and tissue regeneration, cancer treatment 
and blood coagulation.  One of the key questions that has to be answered before these plasma 
technologies are introduced in medical practice is the safety of plasma treatment of living tis-
sues, i.e. toxic dose levels of plasma exposure should be determined.  It is well established 
that porcine (pig) skin closely resembles human skin; hence we evaluated the potential toxic 
effects of plasma treatment on intact and wounded skin in a Yorkshire pig model.  Varying 
doses of Floating Electrode Dielectric Barrier Discharge (FE-DBD) and microsecond Pin-to-
Hole Spark Discharge (PHD) plasmas were applied to determine a dosage regime where tissue 
damage occurs.
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I. INTRODUCTION

It is evident from the large number of recent reviews in the literature that there are many 
potential applications of non-equilibrium plasma discharges in biology and in medi-
cine.1-10  This is, in part, driven by the continued development of novel plasma sources 
and modifi cation of existing ones1,4,11-21 and by advances in modeling, simulation, and 
characterization of these sources, including characterization and quantifi cation of bio-
logical effects1,11,22-34. The major focus in applications of plasma in medicine has been 
its antimicrobial effect, although some reports of wound healing applications have been 
presented3,6,11,15,29,35,36. In studying antimicrobial effects of plasma it is essential to evalu-
ate the potential damage plasma can infl ict on living tissues.

This manuscript investigates toxicity in the direct application of two different types 
of plasma to living tissue: (a) Floating Electrode Dielectric Barrier Discharge which is 
an inherently non-thermal discharge that generates a multitude of reactive oxygen spe-
cies (ROS) and (b) Pin-to-Hole spark Discharge which is a thermal discharge that gener-
ates ROS together with reactive nitrogen species (RNS).  Both discharges have been 
considered before for antimicrobial treatment of living tissues. However, little work has 
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been reported on the possible damage these discharges could infl ict in the process.   We 
show that low doses of plasma (previously reported to be quite suffi cient for steriliza-
tion, see10,37 for example) do not cause any visible or microscopic damage to live pig 
skin and wound tissue.  Higher doses do, in fact, cause damage and the damage appears 
to be related to the surface temperature of the tissue.  Thus, if the plasma temperature 
is reduced (through shorter pulses, for example) this heating and thus the damage may 
potentially be avoided.

II. MATERIALS AND METHODS

A. Floating Electrode Dielectric Barrier Discharge (FE-DBD)

Non-thermal atmospheric pressure dielectric barrier discharge plasma was generated 
using an experimental setup similar to the one previously described by the authors38-42.  
In short, the discharge was generated by applying alternating polarity pulsed (500 Hz 
– 1.5 kHz) voltage of ~20 kV magnitude (peak to peak), 1.65 μs pulse width and a rise 
time of 5 V/ns between the insulated high voltage electrode and the sample undergoing 
treatment.  One mm thick, polished clear fused quartz was used as an insulating dielec-
tric barrier covering the 2.54 cm diameter copper electrode.  The discharge gap between 
the bottom of the quartz and the treated skin or wound surface was fi xed at 1.5 mm us-
ing a special electrode holder (Figure 1, a) or a modifi ed planar electrode (Figure 1, b). 
Discharge power density was measured to be 0.13 W/cm2 (at 500 Hz), 0.15 W/cm2 (at 
800 Hz), 0.17 W/cm2 (at 1 kHz), and 0.31 W/cm2 (at 1.5 kHz). Rotational and vibra-
tional temperatures were measured to be 313.5 ± 7.5K and 3360 ± 50K respectively43.

B. Microsecond Pin-to-Hole Spark Discharge (PHD)

Atmospheric pressure spark discharge was generated in a pin-to-hole electrode confi gu-
ration similarly as in44,45.  A needle anode (1.5 mm diameter) was coaxially fi xed in an 
insulator with gas inlet openings (room air at ~0.5 L/min), which is surrounded by an 
outer cylindrical cathode (7 mm diameter) with an axial opening (2 mm diameter) for 
plasma outlet (Figure 2).  Both electrodes were made of stainless steel.  For all experi-
ments, the plasma discharge was ignited by applying a 4 kV positive potential to the 
central electrode.  To provide high discharge energy while keeping average gas tempera-
ture low the electrode system was powered through a 0.33 μF capacitor.  This formed a 
35 μs dense energetic discharge with average energy of ~1.8 J/pulse.  The average gas 
temperature was measured using a K-type thermocouple as a function of distance from 
the cathode (Figure 3).  The plasma temperature was calculated as 9030±320 K by the 
Boltzmann method, which was adequate to produce nitric oxide, although the average 
gas temperature was near room temperature46,47.The PHD plasma discharge radiates in-
tensively in the UV range: the measured total plasma UV irradiation with and without 
gas feeding was 90 and 140 μW/cm2 respectively47. DNA damage by UV-C and UV-B 
radiation occurs after about 0.4 mJ/cm2 and 10 mJ/cm2 respectively48,49. The discharge 
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produces hydrogen peroxide in liquid (PBS) with concentration up to 60 μM in about 
30 seconds of treatment (210 pulses)47.  Plasma-produced nitric oxide in gas reached 
2000 ppm and rapidly diffused into liquid and cells: 1400 - 1600 nM NO was detected 
in PBS and 1000 nM NO was detected in endothelial cells immediately following 240 

FIGURE 1.  General schematics and photographs of the FE-DBD electrodes: conven-
tional (a), and modifi ed planar (b).

FIGURE 2.  General schematic of the PHD electrode (left), and a photograph of the 
discharge in operation (right).
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plasma pulses46. These data suggest that this plasma may provide a novel method for 
delivering NO locally and directly for enhanced wound healing.  

C. Animal Model

We evaluated the potential toxic effects of the FE-DBD and PHD plasmas on both intact 
and wounded porcine skin in 12 Yorkshire pigs.  Standard operative procedure included 
the following: the pig was anesthetized and the dorsum of the pig was marked and di-
vided for treatment areas (Figure 4, a).  When intact skin toxicity was studied, the FE-
DBD electrode was placed 1.5 mm above the skin, and plasma was applied for different 
doses by varying the power and time of treatment.  Spark discharge was applied at fi xed 
power at a 5 mm distance from the skin for various amounts of time.  When wounded 
skin was studied, a dermatome knife was used to create a skin abrasion (Figure 4, b), re-
moving about 2×3 cm of the epidermis and dermis (approximately 3 mm ± 1 mm deep), 
followed by plasma treatment.  Pigs were then sacrifi ced immediately or 24 hours after 
the treatment.  Tissue specimens from each treatment area were harvested and sent for 
histopathologic analysis.

For the intact skin model (3 pigs) of treatment with FE-DBD, we had a total of 85 
treatment areas on the three pigs that were harvested 24 hours after surgery.  One area of 
intact skin (n=3) was treated with a high frequency desiccator (positive control, Bovie®, 
Figure 4, c), and one area of intact skin (n=3) was left untreated (negative control). The 
remaining 80 areas were treated with 4 discharge frequency (power) settings for differ-
ent time points: from 30 seconds, and up to 15 minutes (Table 1).

FIGURE 3.  PHD afterglow gas temperature measured with thermocouple as a function 
of distance from the cathode.
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TABLE 1.  Number of areas for intact skin FE-DBD plasma treatment and correspond-
ing exposure dose (in J/cm2)
Treatment time, 

min
FE-DBD frequency, kHz (corresponding power density, W/cm2)
0.5 (0.13) 0.8 (0.15) 1.0 (0.17) 1.5 (0.31)

0.5 - - 3 (5.1 J/cm2) 3 (9.3 J/cm2)
1 - 4 (9 J/cm2) 7 (10.2 J/cm2) 9 (18.6 J/cm2)
2 2 (15.6 J/cm2) 4 (18 J/cm2) 5 (20.4 J/cm2) 7 (37.2 J/cm2)
3 - 8 (27 J/cm2) 4 (30.6 J/cm2) 5 (55.8 J/cm2)
5 - 5 (45 J/cm2) 2 (51 J/cm2) 5 (93 J/cm2)

15 2 (117 J/cm2) 2 (135 J/cm2) - -

For the wounded skin model (4 pigs) treated with FE-DBD, we had a total of 56 
treatment areas on 2 pigs harvested immediately after treatment, and 38 treatment areas 
on 2 pigs harvested 24 hours after procedure.  Animals were treated with two discharge 
power settings for various amounts of time (see Table 2) using planar DBD electrode, 
with a high frequency desiccator (n=8), or left untreated as control (n=7).

TABLE 2.  Number of areas for intact skin FE-DBD plasma treatment and correspond-
ing exposure dose (in J/cm2)
Treatment time, 

min
FE-DBD frequency, kHz (corresponding power density, W/cm2)

0.5 (0.13) 1.5 (0.31)
0.5 6  (3.9 J/cm2) 6 (9.3 J/cm2)
1 8 (7.8 J/cm2) 8 (18.6 J/cm2)
3 9 (23.4 J/cm2) 9 (55.8 J/cm2)
5 9 (39 J/cm2) 9 (93 J/cm2)

15 6 (117 J/cm2) 7 (279 J/cm2)

For the intact and wounded skin model (5 pigs) treated with PHD, we had a total 

FIGURE 4. Marked treatment areas of the pig skin (a), creation of skin abrasion with 
dermatome (b), and skin treatment with a high frequency desiccator Bovie®, positive 
control (c).
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of 39 (intact skin) and 36 (wounded skin) treatment areas on 4 pigs that were harvested 
immediately after the procedure, and 48 (intact skin) and 36 (wounds) treatment areas 
on 4 animals that were harvested 24 hours after plasma exposure.  Skin was treated with 
spark plasma at 5 mm for 5 to 300 seconds (see Table 3).

TABLE 3.  Number of areas for intact and wounded skin PHD plasma treatment 
Treatment time, s 5 mm, intact skin 5 mm, wounds

5 2 (non-survival)
4 (survival)

2 (non-survival)
2 (survival)

15 2 (non-survival)
4 (survival)

4 (non-survival)
4 (survival)

30 2 (non-survival)
4 (survival)

4 (non-survival)
4 (survival)

60 2 (non-survival)
4 (survival)

4 (non-survival)
4 (survival)

90 2 (survival) -
120 6 (non-survival)

4 (survival)
-

180 5 (non-survival)
4 (survival)

4 (non-survival)
4 (survival)

240 2 (survival) -
300 4 (non-survival) -

D. Histological Analysis

All specimens were analyzed with microscopic histological analysis.  Specimens were 
longitudinally sectioned and fi xed for 24 hours in formalin.  Sections for histology were 
processed in a standard fashion and stained with hematoxylin-eosin.  The pathologists 
were blinded to all specimens and categorized each specimen into a burn grading sys-
tem for the intact and wounded skin data analysis.  For intact skin, the specimens were 
either classifi ed as normal, minimal change, epidermal damage, or full burn through the 
dermis.  For wounded skin, the specimens were either classifi ed as normal, presence of 
a clot or scab, and full burn through the dermis.

E. pH and Temperature Analysis

In order to check the change of skin temperature and pH of the skin sample after plasma 
treatment, fresh pig skin samples with average thickness of about 1 cm were placed on 
aluminum foil and kept at constant initial temperature of about 37°C.  Skin samples 
were exposed to both discharges for the same amount of time as in in-vivo study.  These 
changes were monitored using infrared thermometer (OS53x-CR, Omega) and skin pH/
temperature meter (HI 99181, Hanna).
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All procedures were performed in compliance with the animal welfare and protec-
tion act following the Drexel University’s Institutional Animal Care and Use Committee 
(IACUC) approval, Protocols #17030 (intact skin) and #17335 (wounded skin).

III. RESULTS AND DISCUSSION
Endpoints for toxicity analysis consisted of recording both gross and histological exami-
nation of the intact skin and wounded skin specimens.  Gross observation was correlated 
with the histological grading system as mentioned previously.

A. Treatment of Intact Skin
FE-DBD plasma treatment was evaluated on 3 pigs with intact skin at 4 different fre-
quency (power) settings, all harvested 24 hours after the procedure.  The results for 3 
discharge frequencies are shown on Figure 5 in terms of normalized number of observa-
tion of no or minimal changes in skin, epidermal damage, or burn after certain treatment 
dose.  Untreated skin appeared normal on gross histological observation. With minimal 
change, there was a small area of erythema on the skin.  With epidermal damage, there 
was mild erythema that resolved itself usually within 20 minutes.  With full burn through 
the dermis, there was diffuse erythema that remained until time of harvest (Table 4).  
Positive controls, i. e. samples treated with HF desiccator, all showed full thickness 
burn.  Representative photographs and histological images are shown in Table 4.  One 
can notice that resulting toxic effects (epidermal damage, burn) depends not only on the 
exposure dose, but dose rate (frequency dependent): the higher the frequency, the lower 
dose required for skin damage to occur. 

The results of intact skin treatment with spark discharge plasma at 5 mm distance 
from the skin are shown in Figure 6 and in Table 4.  In this case a burn was observed af-
ter 3 minutes of treatment, while, for example, inactivation of bacteria in liquid requires 
an exposure time of several seconds44,45.

Overall results of the skin toxicity trials on pigs are similar to those on human ca-
daver skin and on SKH1 mice39,42 – only rather high doses of plasma, those far greater 
than needed for sterilization or blood coagulation, are able to damage skin; while doses 
required to achieve desired medically relevant therapeutic effect are signifi cantly below 
the damage threshold.

B. Ex-vivo Treatment of Porcine Skin Samples 
In order to estimate the effect of global increase of temperature and pH of skin after the 
plasma treatment on induction of tissue damage, we have measured these parameters on 
skin samples ex vivo.  The results of temperature measurements (Figure 7, a) indicate, 
that after about 3 minutes of treatment by both plasmas, skin temperature increases by 
11-14 degrees, which is the critical temperature for skin burn50,51, and is in good agree-
ment with our experimental observations (see Figure 5 and Figure 6).  The effect of 
the decrease of pH due to plasma treatment is probably negligible for both discharges 
(Figure 7, b).
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FIGURE 5.  Results of the intact porcine skin treatment with FE-DBD plasma operated 
at 800 (a), 1000 (b) and 1500 (c) Hz frequency.

C. Toxicity of Wound Treatment

One of the potential applications of FE-DBD and spark plasma treatment is sterilization 
and healing of wounds and/or coagulation of bleeding capillaries (see end of section II.B 
above).  We were able to test the effi cacy and toxicity of such treatment on a superfi cial 
partial thickness skin wound similar to that of scraping one’s knee.  Once the animal was 
anaesthetized the wound was made with a small hand-held dermatome knife (Zimmer, 
Franklin County, OH, USA) originally designed to remove precise-thickness skin grafts 
from a donor surface.  These are partial thickness wounds with the blade set to cut no 
deeper than a millimeter into the skin.  This exposes the top layer of skin and breaks 
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capillaries located in the skin, but not the bigger vessels.  Thus, the bleeding is slow and 
manageable.  This is not a severe wound and the bleeding would normally self-terminate 
quickly.  Immediately after the wound is made we proceed with the selected treatment. 

Results of the various FE-DBD and PHD plasma treatments of wound surface and 
histological images of these skin samples are detailed in Table 5. Similar to the intact 
skin, treatment with Bovie® knife quickly coagulates blood and desiccates the tissue but 
causes quite signifi cant damage (see Table 5).  Although the wound may be closed, there 
is a signifi cant level of tissue damage which may prolong the wound healing process 
over that if the wound was simply left with no treatment in this case.  While the Bovie® 

electrosurgery knife causes signifi cant tissue damage, both plasma treatments can be 
applied to the tissue for up to 15 minutes with no or minimal damage to this tissue 
(Table 5).  One other observation is that even after a short treatment, the blood appears 
to be coagulated and (although this is not visible on the photograph below) the wound 
looks to be covered with a thin layer of clear coagulum.  We have seen such a thin trans-
parent cork formation before with treatment of blood and blood plasma samples39,42.  
This fi lm was claimed to be a thin layer of coagulated blood plasma – both FE-DBD 
and PHD seem to quickly form a layer of coagulated blood on the surface of the wound 
which protects the wound from further external disturbances. 

FIGURE 6.  Results of the intact porcine skin treatment with PHD plasma operated at 
5 mm distance from the skin surface.
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TABLE 4.  Representative photographs and histological images of the intact skin after 
treatment with FE-DBD and PHD plasmas.

IV. CONCLUSION

The purpose of this work was to determine the toxic doses of cold plasma treatment 
of living tissue for both intact and wounded skin.  In this study we have used a well-
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established method for evaluation of tissue toxicity, where a Yorkshire pig intact or 
wounded skin was exposed to a plasma source and macroscopic toxic effects were stud-
ied histologically.  In order to evaluate the possible source of plasma toxicity, we have 
used two plasma sources in which discharges are ignited and applied in completely dif-
ferent ways – direct non-thermal dielectric barrier discharge, and indirect thermal spark 
discharge.  The results of our study show that, despite the fundamental differences of 
these two discharges, toxic effects (epidermal damage and tissue burn) are related to 
global increase of temperature of the treated skin, and are highly dependant not only on 
the dose of plasma exposure, but also on the dose rate – the lower the frequency of a 
discharge, the higher plasma dose may be applied to skin without damaging it.  Plasma 

TABLE 4.  Representative photographs and histological images of the intact skin after 
treatment with FE-DBD and PHD plasmas. (Continued)

FIGURE 7.  The results of temperature (a) and pH (b) measurements of the porcine skin 
ex-vivo treatment with FE-DBD and PHD plasmas.
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TABLE 5.  Representative photographs and histological images of the wounded skin 
after treatment with FE-DBD and PHD plasmas.
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treatment of wounded tissue, on the other hand, did not result in any toxic effects to the 
tissue itself, but in effective and fast blood coagulation.  This blood clot, apparently, 
protected underlying wound tissue from plasma damage.  Overall, we have shown that 
plasma treatment is safe for living intact and wounded skin when applied for doses sev-
eral times higher than required for effective inactivation of bacteria on surface of agar or 
in liquid.  In the future studies we plan to expand on these fi ndings, analyzing the dose 
and dose rate dependence; we also plan to reduce surface temperature by creating more 
uniform shorter pulse plasmas.
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