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Background: We investigate disinfection of a reconstructed human skin model contaminated with biofilm-formative
Staphylococcus aureus employing plasma discharge in liquid.

Principal Findings: We observed statistically significant 3.83-log10 (p<<0.001) and 1.59-log10 (p<<0.05) decreases in colony
forming units of adherent S. aureus bacteria and 24 h S. aureus biofilm culture with plasma treatment. Plasma treatment was
associated with minimal changes in histological morphology and tissue viability determined by means of MTT assay.
Spectral analysis of the plasma discharge indicated the presence of highly reactive atomic oxygen radicals (777 nm and
844 nm) and OH bands in the UV region. The contribution of these and other plasma-generated agents and physical
conditions to the reduction in bacterial load are discussed.

Conclusions: These findings demonstrate the potential of liquid plasma treatment as a potential adjunct therapy for chronic
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Introduction

A biofilm is an aggregate of microorganisms embedded in a self-
produced matrix of extracellular polymeric substances. According
to the National Institutes of Health, biofilms account for over 80%
of microbial infections in the body. Common examples include
infections of the urinary tract, middle ear, and paranasal sinuses.
Biofilms are responsible for life-threatening diseases such as
pneumonia in cystic fibrosis patients and endocarditis and have
also been implicated in the prevention of wound healing in chronic
wounds. Bacteria within biofilms are notoriously resistant to
antimicrobial agents due to restricted antibiotic diffusion through
the matrix, slow growth rates, and induction of a resistant
phenotype [1]. Because biofilms can persist in 20 to 1000 times the
concentrations of drugs that inhibit planktonic bacteria [2-4], the
optimum treatment against biofilms usually involves additional
physical disruption to achieve removal [5].

Plasma, often referred to as the fourth state of matter, has
emerged as an attractive germicidal tool capable of physically
destroying microorganisms with minimal heat damage to the
substrate. Plasma generates a rich mixture of reactive oxygen
species, ozone, and ultraviolet radiation (UV), each of which are
known to inactivate bacteria [6]. Various groups including our
own have studied bacterial inactivation and biofilm removal by
atmospheric pressure non-thermal plasma on surfaces such as agar
or surgical implants, yet in-situ studies on living tissues remain

@ PLoS ONE | www.plosone.org

limited. Since in-vitro tests on inanimate objects tend to
overestimate antimicrobial activity [7,8] and the same properties
that kill microorganisms may be harmful to human tissue, we
studied plasma sterilization on EpiDerm engineered human skin
constructs as a first step.

Our preliminary observations showed that argon gas plasma
could sterilize a lawn of Staphylococcus aureus on agar within 30 s,
but was significantly less effective against a much lighter inoculum
on EpiDerm. In view of these conflicting results using plasma
discharge in gas, we explored bacterial inactivation using plasma
discharge in liquid. Histological analysis suggested that the
irregular surface of the dermal compartment might be shielding
some of the bacteria from the gas plasma. We hypothesized that
liquid plasma may have greater accessibility to these crevices and
provide greater concentration of bactericidal species due to higher
radical densities. Below we report for the first time, bacterial
inactivation employing plasma discharge in liquid in a recon-
structed human skin model.

Plasma discharges in liquid (hereafter called simply ‘liquid
plasma’) have been intensely investigated during the last two
decades due to their potential in diverse applications such as selective
polymer surface modification [9], synthesis of nano-materials [10],
water purification [11], and orthopedic surgery [12]. The numerous
liquid plasma configurations and the complex physics of discharges
lie beyond the scope of this paper; the interested reader is referred to
a review by Bruggeman and Leys [13].
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Materials and Methods

Liquid Plasma Device and Setup

The liquid plasma electrode consists of a tungsten needle
sheathed in quartz with the needle tip exposed. This electrode is
connected to a 13.56 MHz radio frequency (RF) power supply
(Cesar, Advanced Energy, Fort Collins, CO) through an
impedance matching network and Z-Scan RF probe (Advanced
Energy) for real-time measurement of RF power and impedance as
illustrated in Figure 1.

Full Thickness Reconstructed Human Skin Model

EpiDermFT tissues (EFT-400-WH) with a 3 mm diameter
wound induced by a biopsy punch were purchased from MatTek
Corporation (Ashland, MA), along with antibiotic-free mainte-
nance medium and MTT tissue viability kits. The EpiDermFT
construct is a full-thickness (700-900 um), differentiated model of
the human dermis and epidermis consisting of human epidermal
keratinocytes and human dermal fibroblasts. The construct closely
parallels human tissue and is useful for assessing dermal toxicity.
Tissue samples were maintained at 37°C in a humidified
atmosphere of 5% COy throughout the study.

Bacterial Culture and Inactivation

The wound was contaminated with a 20 pl inoculum
(7.4x10% CFU/ml) of biofilm-formative Staphylococcus aureus (subsp.
aureus Rosenbach, ATCC 12600) grown overnight in thioglycollate
medium enriched with vitamin K; and hemin. Bacteria were
allowed to grow in the wound for 3 h for attachment and adhesion
or 24 h for biofilm development prior to treatment. Following
these predetermined incubation periods, all tissue samples were
rinsed three times with phosphate buffered saline (PBS) to remove
nonadherent bacteria. Tissue samples were then covered with
300 ul of PBS and placed on an XYZ stage to align the center of
the wound with the liquid plasma electrode at a gap distance of
2 mm. Pulsed RF output power was applied at 10 W, 10 Hz, 10%
duty cycle for 1 min, 2 min, 3 min, or 5 min in the case of 3 h
grown bacteria samples and for 3 min in the case of 24 hr grown
biofilm samples. Control tissue samples (0 min) were kept in PBS
for 5 min with no RF power applied. After treatment, the PBS was
removed and the center of each wound was collected by a 2 mm
diameter biopsy punch and vortexed in 7 ml of 0.85% saline.
Serial dilutions were spread on blood agar plates (trypticase soy

Tungsten
Matching | |,
Quartz Network £SE0AN
Phosphate 13.56
buffered saline MHz

Tissue

Figure 1. Schematic cross-sectional illustration of the liquid
plasma device and experimental setup. The tissue is an EpiDermFT
full-thickness human skin model consisting of an epidermis (gray) and
dermis (grid pattern) with a central 3 mm diameter wound. Tissue
culture insert is not depicted for clarity.
doi:10.1371/journal.pone.0024104.g001
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agar with 5% sheep blood). The plates were incubated at 37°C for
24 h to determine bacterial colony counts.

Although we do not present herein evidence of biofilm
formation, the strain of S. aureus (ATCC 12600) used in this study
has previously been found to be a strong biofilm former [14]. S.
aureus biofilms are routinely formed by culturing for ~24 h under
static conditions described by Christensen et al. [15], as in this
study, and have also been studied as early as 6 h to 8 h after
inoculation [16-19].

Histology

Tissue samples were removed from the tissue culture inserts,
fixed in 10% formalin, dehydrated through a series of graded
alcohols, cleared in xylene, and embedded in paraffin. Next, the
embedded tissues were cut into 5 pm sections and stained using
hematoxylin and eosin (H&E). Finally, a pathologist who remained
blinded to the treatments assessed the specimens under light
microscopy for abnormalities.

Tissue Viability

The tissue samples were rinsed with PBS and treated with liquid
plasma as described above but without any bacteria. Tissue
samples were then incubated with the M'TT reagent (2 mg/ml) for
3 h. Formazan crystals were subsequently extracted overnight for
determination of optical density at 570 nm. As a positive control,
200 pl of 1% Triton X-100 was applied to the apical tissue surface
for 4 h prior to the MTT assay.

Nitric Oxide

Nitric oxide has a very short half-life in water. The stable end
products of nitric oxide oxidation were measured using a nitrate/
nitrite colorimetric assay kit based on the Griess reaction,
purchased from Cayman Chemical (Ann Arbor, Michigan).

Optical Emission Spectroscopy

The light emitted by the plasma discharge was collected with a
fiber optic cable and recorded in the 200 nm to 1000 nm range
using an Ocean Optics HR4000CG spectrometer (Dunedin, FL)
to identify active species.

Plasma and Liquid Temperature

Additional emission spectra collected using a 307.1 nm optical
filter with a bandwidth of 10 nm were compared with theoretical
spectra generated by LIFBASE software to calculate plasma
temperature. Liquid (PBS) temperature was measured by a
Neoptix fiber optic temperature sensor (Québec, Canada). The
optic fiber tip was located 2 mm below the plasma electrode.

Statistical Analysis

Data were analyzed by Student’s t-test or by one-way ANOVA
with Dunnett’s post test as appropriate using GraphPad Prism
Version 5.0c (San Diego, CA). A value of p<<0.05 was considered
to indicate statistical significance. All data presented are mean *
SEM of at least three independent experiments.

Results

We observed a statistically significant (p<<0.001) 3.83-log,
decrease in colony forming units (CFUs) with 2 min liquid plasma
treatment compared with the control (Figure 2). Although 5 min
treatment resulted in zero detectable CFUs, there were no
statistically significant differences in inactivation rates for treat-
ment durations longer than 2 min. When bacteria were allowed to
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Figure 2. Bacterial inactivation. Bacterial counts of EpiDermFT
human skin model incubated for (A) 3 h or (B) 24 h with biofilm-
formative Staphylococcus aureus and treated with liquid plasma for
indicated durations. (A) After 3 h bacteria incubation, statistically
significant (p<<0.001) reduction in colony forming units was observed
with 2 min treatment compared with the control (0 min). (B) After 24 h
bacteria incubation, statistically significant (p<<0.05) reduction in colony
forming units was observed with 3 min treatment compared with the
control (0 min).

doi:10.1371/journal.pone.0024104.g002

grow in the wound for 24 h, the inactivation rate diminished to
1.59-log;p with 3 min treatment, but this was nonetheless a
statistically significant (p<<0.05) reduction compared with the
control.

The histological sections consisted of keratinized, stratified
squamous epithelium and underlying dermis as shown in Figure 3.
The wound from the biopsy punch appeared as a focal ulceration
completely lacking the epithelium. Examination of tissue samples
incubated with S. aureus revealed abundant cocci, adherent to the
surface and forming colonies deep within the tissue (Figure 3b).
Liquid plasma-treated samples showed decreased number of
bacteria both at the surface and within the tssue. No
morphological changes to the tissue were noted with 1 min and
2 min treatments (Figure 3c). Decreased cellularity of the dermal
stroma was evident and the tissues were slightly edematous with
3 min and 5 min treatments.

Liquid plasma treatment for 1 min duration did not affect tissue
viability as determined by MTT assay as illustrated in Figure 4.
Increasing the treatment duration beyond 2 min decreased tissue
viability compared with the control, by 22% at 3 min and by 14%
at 5 min durations. These results are in agreement with the
histological analysis. Our tissue viability data carry the caveat that
plasma species are unlikely to penetrate the full thickness of the
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Figure 3. Histological analysis. Hematoxylin and eosin-stained
histological sections of EpiDermFT human skin model (A) without
bacteria, (B) incubated with bacteria for 3 h, and (C) incubated with
bacteria for 3 h and treated with liquid plasma for 2 min. A focal
ulceration where the epithelium (e) is lacking can be observed. The
dermis (d) is populated by fibroblasts (arrowheads) and purple-stained
S. aureus (circles) on the surface and within the tissue. 200X
magpnification.

doi:10.1371/journal.pone.0024104.g003

tissue sample and measuring the viability of the entire tissue is
likely to underestimate tissue damage. Application of 1% Triton
X-100 as positive control resulted in an ET5q (exposure time
required to decrease viability by 50%) of ~4 h. The discrepancy
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Figure 4. Tissue viability. MTT assay of EpiDermFT human skin
model treated with liquid plasma for indicated durations and with 1%
Triton X-100 for 4 h as a positive control. Data are expressed as percent
of absorbance measured in control tissues (0 min). Statistically
significant (p<<0.001) reduction in cell viability was observed with
Triton X-100 exposure and 3 min and 5 min liquid plasma treatments
compared with untreated control (O min).
doi:10.1371/journal.pone.0024104.9g004

between the observed ET5g value and the 8.6*1.2 h previously
reported by MatTek [20] is likely due to the compromised barrier
function of the wound model used in the present study.

The plasma was characterized by means of optical emission
spectroscopy (OES) to identify possible excited chemical species
that may influence the tissue and bacteria. OES relies on the
principle that an excited species emits photons at a characteristic
wavelength as the electrons return to the ground state. Spectral
analysis of these emissions from plasma discharge in PBS revealed
that atomic Na, K, and Cl lines from the buffer salts dominate the
excited species as shown in Figure 5. Emissions from atomic
oxygen radicals were detected at 777 nm and 844 nm. UV
radiation (between 40 nm and 400 nm) emitted by the plasma was
also observed. The contribution of these and other plasma-
generated agents to the bactericidal effect is discussed below.

The temperature of the plasma calculated by LIFBASE
simulation was 3100 K. The simulated spectra (in red) perfectly
matched the actual observed spectra (in black). The temperature
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Figure 5. Optical emission spectrum. A typical spectrum collected
from the liquid plasma discharge in phosphate buffered saline at 10 W
RF power with spectral lines labeled with their corresponding species.
doi:10.1371/journal.pone.0024104.g005
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of the PBS increased from 24°C to 35.4°C after 6 min of plasma
operation (Figure 6).

Discussion

In the present study, a reconstructed human skin model of a
wound contaminated with biofilm-formative S. auwreus was
disinfected using a liquid-phase discharge plasma driven by
10 W RF power. When tissue samples were incubated with
bacteria for 3 h, the bacterial inactivation rate reached a
maximum statistically significant value of 99.985% with a 2 min
treatment. In the 24 h biofilm culture, 97.43% reduction in
bacterial load was observed with a 3 min treatment. Plasma
treatment for 3 min or longer appeared to injure the tissue, as
tissue viability was reduced with these longer treatment durations.
In contrast to the minor impact on tissue viability of 2 min
treatment with liquid plasma driven by 10 W RF power, 2 min
treatment at 20 W dramatically decreased tissue viability by 84%
relative to control (data not shown). These preliminary data
underline the importance of balancing plasma parameters in order
to inactivate bacteria without damaging the tissue and the
associated need for well-controlled drive electronics and accurate
monitoring electronics in the feedback loops.

We observed a statistically significant 7% increase in tissue
viability with 2 min liquid plasma treatment (at 10 W). The
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Figure 6. Thermal characterization of plasma. Spectra in the
306 nm to 315 nm region containing the OH (A-X) band (A). Data
obtained by LIFBASE simulation (in red) matches the experimentally
observed data (in black) and corresponds to a calculated rotational
temperature of 3100 K. The temperature of the PBS (B) obtained by
fiber optic thermometer 2 mm below the electrode as a function of
time.

doi:10.1371/journal.pone.0024104.g006
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biological relevance of this effect is not clear. Some studies have
reported NO-induced cell proliferation following exposure to air
plasma discharge, which can produce high concentrations of NO
from atmospheric nitrogen [21,22]. In our liquid plasma
discharge, however, the concentration of NO was below the limit
of detection (less than 1 uM). The effect may be mediated by other
external factors influencing cell growth or reflect an increase in
enzymatic activity of the mitochondria. Further studies to explore
liquid plasma-assisted wound healing might be merited.

Consistent with the results from the tissue viability assay,
histological examination revealed no microscopic abnormalities
with 1 min and 2 min liquid plasma treatment, but decreased
cellularity was apparent with longer treatment durations. Although
the histology does not indicate whether the bacteria are alive or
dead, purple-stained cocci were abundant in tissue samples
incubated with . aureus. Consistent with the bacterial colony
counts, far fewer bacteria were apparent in tissue samples treated
with liquid plasma. Washing away of loosely adherent bacteria by
the liquid cannot account for the relative reduction in bacterial
load since all tissue samples, including control, were thoroughly
rinsed with PBS just prior to treatment. Rough, porous surfaces
(such as those found in the dermal compartment) have been shown
to favor bacterial adhesion [23.24]. Extracellular matrix proteins
produced by dermal fibroblasts such as collagen [25], elastin [26],
and fibronectin [27,28] are also known to promote . aureus
adhesion via a family of protein adhesins. Through these
nonspecific and specific interactions, bacteria can adhere strongly
to the tissue surface. This would be true in particular for the tissue
samples incubated with bacteria for 24 h since bacterial adhesion
becomes more irreversible as the adhering organisms excrete
extracellular polymeric substances during biofilm development.

In plasma discharges in water, intense shockwaves emanating
from the expanding plasma channel have long been studied [29.30]
and exploited for drinking water and wastewater treatment [31].
We cannot state with certainty that shockwaves do not play some
role here in the physical removal or killing of adherent bacteria, but
it is an unlikely scenario due to the relatively low energy (<100 m])
of our plasma pulse. Shockwaves form from high-energy (=1 kJ)
pulse discharges [32]. Our own high-speed camera studies of gas
bubble dynamics at the electrode tip confirm slow expansion of sub-
mm-sized bubbles in the order of 10* us. We hypothesize that the
gas bubbles carry bactericidal agents produced at the electrode to
the tissue surface. The modest pressures generated may act to drive
these agents into the dermal recesses where the bacteria are
observed to colonize (Figure 3b). This could explain in part the
greater bacterial inactivation obtained using liquid plasma as
opposed to argon gas plasma (10 W 13.56 MHz RF power), with
which a 5 min treatment resulted in a 2.1-log( reduction (data not
shown). Capillary action may also play a role in delivering liquid
plasma agents to otherwise inaccessible bacteria.
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Plasma sterilization studies typically invoke reactive chemical
species and UV radiation as the two major plasma-generated
agents responsible for bacterial inactivation. A common theme in
both gas and liquid plasma is the generation of reactive chemical
species and UV radiation. One advantage of liquid versus gas
plasma is that the greater density of liquid provides orders of
magnitude higher concentration of reactants for the formation of
reactive species. Spectral analysis of the liquid plasma discharge
indicates the presence of highly reactive atomic oxygen radicals
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when bacteria lie within the irregular surface of the dermis,
shielded from the radiation. The calculated rotational temperature
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below 37°C throughout the study (Figure 6b). Therefore, thermal
effects are not likely to impact the bacteria or tissue. The role of
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trapping we judge is also significant but is the subject of future
studies.

These results represent a single treatment with liquid plasma. A
multidose treatment regimen may be useful in managing biofilm-
related wounds given the remarkable resistance of biofilm
infections to a standard course of antibiotic treatment. Further
characterization of the inactivation mechanisms and studies of
more mature biofilms will help increase our understanding of
liquid plasma as a possible treatment modality for chronic wounds.
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