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Abstract
Formation of bacterial biofilms at solid-liquid interfaces creates numerous problems in both
industrial and biomedical sciences. In this study, the susceptibility of Staphylococcus aureus
biofilms to discharge gas generated from plasma was tested. It was found that despite distinct
chemical/physical properties, discharge gases from oxygen, nitrogen, and argon demonstrated very
potent and almost the same anti-biofilm activity. The bacterial cells in S. aureus biofilms were
killed (>99.9%) by discharge gas within minutes of exposure. Under optimal experimental
conditions, no bacteria and biofilm re-growth from discharge gas treated biofilms was found.
Further studies revealed that the anti-biofilm activity of the discharge gas occurred by two distinct
mechanisms: 1) killing bacteria in biofilms by causing severe cell membrane damage, and 2)
damaging the extracellular polymeric matrix in the architecture of the biofilm to release biofilm
from the surface of the solid substratum . Information gathered from this study provides an insight
into the anti-biofilm mechanisms of plasma and confirms the applications of discharge gas in the
treatment of biofilms and biofilm related bacterial infections.
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Introduction
Bacteria prefer to attach to moist surfaces. The moist environment allows the bacteria to
thrive, developing into biofilms [Costerton et al 1995]. The solid-liquid interface between
body fluids (eg blood) and the surfaces of teeth, tissues, and implanted devices, provides an
ideal environment for bacterial attachment and colonization [Cos et al 2010]. Conventional
methods such as chemical (antibiotic and ethylene oxide) and physical (autoclave and
gamma radiation) treatments are adequate for planktonic (free-living) bacteria; however,
they are not effective enough for biofilm in term of completely killing bacteria in biofilms
and removing biofilms from contaminated surfaces [Stewart and Chen 2000, Vickery et al
2000]. This is also true for biofilm -associated medical problems. One of the most important
features of bacterial biofilms is their resistance to antibiotics and to the immune system of
the [Cos et al 2010]. Bacteria living in biofilms can exhibit up to 1,000 times greater
resistance to antibiotics than planktonic bacteria [Mah and O’Toole 2001]. Existing
antibiotics are unlikely to be effective at typical dosages for the treatment of biofilm-related
infections, largely because they only kill the susceptible biofilm population and do not affect
the phenotypic variants inside the biofilm. Systemic antibiotic treatment of biofilm,
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clinically called maintenance chemotherapy, can only maintain biofilm growth but cannot
eradicate it [Stoodley et al 2002; Patel 2005; Lewis 2008]. .

The resistant mechanism of bacteria in biofilms can be attributed to several factors [Stewart
2002]. Nutrient and oxygen depletion within the biofilm cause some bacteria to enter a
nongrowing (ie, stationary) state, in which they are less susceptible to growth-dependent
antimicrobial killing [Cos et al 2010]. A subpopulation of bacteria might differentiate into a
phenotypically resistant state [Lewis 2008]. Some organisms in biofilms have been shown to
express biofilm-specific antimicrobial resistance genes that are not required for biofilm
formation [Patel 2005]. In addition, the presence of biofilm architectures serve as physical
barriers to antimicrobial agents by blocking them from access to the bacteria in the deeper
zone of the biofilm [Stewart and Costerton 2001; Stoodley et al. 2002; Lynch and Abbanat
2010 ]. However, the ability of the extracellular polymeric matrix of the biofilm to act as a
physical barrier depends on the type of antibiotics used, the concentration employed, and the
binding of the matrix to that specific antibacterial agent [Picioreanu et al 2000]. Strongly
charged or chemically reactive agents fail to reach the bacteria in the biofilm due to the
negatively charged extracellular polymeric matrix of biofilms which acts as an ion-exchange
resin and removes these molecules from the environment [Costerton et al 1995]. However,
some small molecules such as water and oxygen have been found to be able to travel freely
throughout the biofilm by using channels with varying diameters [Dunne et al 1993;
Jefferson et al 2005].

Plasma, a reactive cloud of ions, electrons, radicals, and neutral atomic particles, is
considered as a fourth state of matter and is distinguishable from liquid, solid, or gas
[Conrads and Schmidt 2000]. Plasma discharge gas is generated by supplying energy to
natural gases to form small charge carriers, reactive species, and UV radiation [Conrads and
Schmidt 2000; Hino et al 2004]. Plasma-mediated inactivation of bacteria has been
extensively studied over the past decade and cold plasma has been successfully used in food
and device sterilization [Niemira and Sites 2008; Morris et al 2009; Sureshkumar et al
2010]. The activity of plasma on bacteria and biofilms has been recently reported recently
[Joaquin et al 2009; Joshi et al 2010]. It has been found that plasma can kill bacteria,
including antibiotic resistant bacteria, in biofilms effectively and efficiently. However, the
acting mechanism of discharges on biofilms has not been well studied and fully revealed. In
this study, the effects of discharge gas on bacteria in biofilms, biofilm structures, and
biofilm growth were studied. The reactive discharge gas generated from plasma was found
to be very active against bacteria in biofilms and to demonstrate strong anti-biofilm activity.
The anti-biofilm activity of the discharge gas is implicated by two distinct mechanisms, viz.
killing bacteria in biofilms and releasing biofilm from the solid substrata .

Materials and methods
Bacterial strains and medium

Staphylococcus aureus (penicillin resistant, ATCC 29213) was purchased from the
American Type Culture Collection (ATCC, Manassas, VA). Tryptic soy broth supplemented
with 0.2 % glucose (TSBG) was purchased from Sigma (St Louis, MO).

Reagents and Solutions
A LIVE/DEAD staining kit was purchased from Invitrogen Life Technologies (Carlsbad,
CA) for the staining of biofilms. It comprised a solution of 5% MTT
(methylthiazolyldiphenyl-tetrazolium bromide, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide) in PBS. Crystal violet (CV) and other reagents were
purchased from the Sigma Chemical Laboratory (St Louis, MO).
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Formation of S. aureus biofilms
For each experiment, an isolated single bacterial colony was picked from an agar plate,
transferred to 5 ~ 10 ml of TSBG medium, and then incubated under orbital agitation (100
~150 rpm) at 37°C for 18-24 h . An vernight culture of S. aureus was diluted in TSBG to ~ 2
× 106 cells ml−1, and then inoculated in 6-well flat bottom cell culture plates (polystyrene).
Cells were cultured 37°C for up to 7 days with medium change every day. At the end of
incubation, the supernatant was removed and the formed biofilms were washed with PBS to
remove planktonic and loosely attached bacteria.

Generation of discharge gas
Discharge gas was produced using a Plasma Prep III device (SPI Supplies) (Figure 1). This
plasma device operated under vacuum and contained a reactor comprising of a pyrex glass
chamber (10.45 nm in diameter) and a pair of electrodes (an upper and lower electrode). A
radio frequency generator was supplied with a frequency of 13.56 MHz and had an output of
up to 100W. The system was evacuated to 300 mtorr, respectively and the dry gas from gas
cylinder was introduced to the chamber at a flow rate of 2.4 ft3 h−1 and the chamber
pressure was maintained at 460 mtorr , respectively. Subsequently, discharge gas was
generated at an electric power of between 0-100W for a desired period of time. Nitrogen,
argon and oxygen bottled gases were all purchased from Praxair (Keasbey NJ) and were
prepared by Cryogenic Air separation which led to a purity of > 99.9%.

Treatment of biofilms with discharge gases
After the washing step, biofilms grown on 6-well plates were placed in the center of the
chamber. Plasma power, gas, gas flow rate, and exposure time were adjusted according to
the requirements of the experiment.

Biofilm susceptibility assays
Crystal violet (CV) staining and a validated MTT cell viability assay were used to assess
biofilm susceptibility to each discharge gas. Unlike the widely used CV staining method, the
MTT assay does not stain polysaccharides, DNA, proteins, and other biological molecules
within the biofilm. Only live bacteria in the biofilms are counted in the MTT assay by
measuring the metabolic activity of each individual bacterial cell. There is an excellent
correlation between formazan concentrations (absorbance at OD570nm) and CFU counting
(Kharidia and Liang 2011). Thus, CV staining was used for the quantification of biofilm
formation (biomass) while the MTT assay was utilized to evaluate the viability of bacteria in
biofilms. In CV staining, biofilms in 6-well plates were stained with 0.1% (w/v) CV for 10
min . The excess dye was removed by thoroughly rinsing the plate with water and PBS. CV
dye associated with biofilms was then extracted by 33% glacial acetic acid and quantified
using a microplate reader by measuring solution absorbance values at 570 nm. In the MTT
assay, biofilms were incubated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a yellow tetrazole) (0.5 mg ml−1 ) at 37°C for 10 min . After
washing, the purple formazan that formed inside the bacterial cells was dissolved by SDS
and then measured using a microplate reader by setting the detecting and reference
wavelengths at 570 nm and 630 nm, respectively.

Staining of live and dead bacteria in biofilms
Live and dead bacterial distributions in biofilms were studied by confocal laser scanning
microscopy using a LIVE/DEAD staining kit. Briefly, S. aureus biofilms were grown on
LabTek 8-well cover-glass chambers. After washing , the biofilms formed were treated with
discharged gases under the experimental conditions indicated. At the end of treatment,
biofilms were washed extensively with PBS and then stained with LIVE/DEAD staining kit
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according to the manufacturer’s protocol. A Zeiss confocal laser scanning microscope
(CLSM 510) was used to visualize stained bacteria in biofilms. Images were analyzed using
the Zeiss LSM Image Browser.

Staining of bacterial cell membranes
S. aureus biofilms were grown and treated as described in the previous section. At the end of
treatment, S. aureus cells in biofilms were stained with fluorescent (FITC) labeled wheat
germ agglutinin (WGA) in the dark for 10 min. Biofilm images were taken using a Zeiss
LSM 510 confocal microscope by setting the excitation and emission wavelengths at 488 nm
and 530 nm, respectively

Bacterial chromosomal DNA isolation and analysis
S. aureus biofilms grown in 6-well plates were treated with lysis solution (ZR Fungal/
Bacterial DNA MiniPrep ™, Zymo Research). Bacterial chromosomal DNA was isolated
and purified according to the standard manufacturer’s protocol. Bacterial chromosomal
DNA isolated from planktonic S. aureus was used as a control. Isolated DNA samples were
loaded on 1.0 % agarose gel, run for 30 min at 100 volts, and visualized with ethidium
bromide staining.

Results and discussion
Activity of eischarge gas to bacteria in biofilms

A good biofilm forming S. aureus strain (ATCC 29213) was used in this study. This S.
aureus can grow into biofilms of 15~20 μm thickness in TSBG after 24 h incubation. These
1-day old biofilms had typical biofilm structures (Kharidia and Liang, 2011) and developed
antibiotic resistance (Kharidia and Liang, 2011). One-day old S. aureus biofilms were used
throughout this study unless indicated otherwise. Six-well plates were used in this study to
ensure uniform exposure of biofilms to the discharge gas, subsequently, reducing the
standard deviations (SDs) in all the experiments.

The killing activities of discharge gases to the bacteria in the biofilms were first evaluated
through the MTT assay. As shown in Figure 2A, all three of the tested discharge gases
(oxygen, nitrogen, and argon) demonstrated strong antibacterial activity to S. aureus in
biofilms. Nearly all S. aureus cells (>99.9%) in the biofilms were killed within 5 min by
discharge gas generated at 100W. Although there was a slight temperature increase inside
the plasma-generating chamber during the treatment (from room temperature to 30~50 °C),
it had no measurable effect on the viability of S. aureus in the biofilms as determined by
treating biofilms at 50 °C for 20 min (data not shown). Throughout this study, control
groups were subjected to an electric field, but no gas supply and > 98 % of these S. aureus in
biofilms were still alive (data not shown). These results confirm that the anti-biofilm activity
of discharge gas was dependent solely on the various reactive species and UV radiation
associated the with plasma treatment.

In addition to the MTT method, another cell viability assay using a Live/Dead staining kit
was also used to evaluate the anti-biofilm activity of the discharge gas. The SYTO 9 dye, a
nucleic acid probe with green fluorescence color, is permeable to healthy cell membranes
and thus bacteria with intact (live) cell membranes are stained green. Propidium iodide, a
nucleic acid probe with red fluorescence color, is cell membrane impermeable and thus only
stains dead bacteria with damaged cell membranes. As shown in Figure 2B, almost all S.
aureus in the treated biofilms were stained red, indicating that nearly all S. aureus cells in
the biofilms were killed by the discharge gas. This is consistent with the results obtained in
the MTT assays (Figure 2A) and confirms the antibacterial activity of the discharge gas to S.
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aureus cells in biofilms. The power supplied in plasma generation (Figure 3A) and the
exposure time (Figure 3B) greatly affected the antibacterial activity of the discharge gas to
S. aureus in biofilms. Higher power and longer exposure time were associated with
improved effectiveness of the discharge gases in killing bacteria in biofilms. This is
consistent with the results from antibacterial activity studies of discharge gas performed on
planktonic bacteria [Hong et al 2009].

It is known that charge carriers, reactive species, and UV radiation generated from gas-
discharge plasma can all cause severe cell damage and cell death [Moisan et al. 2001; Park
et al 2003]. Each discharge gas has different reactive species present [Laroussi and Leipold
2004]. The effectiveness of discharge gas on planktonic bacteria is determined by the
composition of the discharge gas. For example, oxygen discharge gas contains radicals and
excited molecules (atomic and singlet molecular oxygen), hydroxyl radicals, and ozone
[Moisan et al. 2002; Halfmann et al. 2007; Boscariol et al. 2008]. These reactive species
along with the intensity and wavelengths of the emitted UV radiation all partake in
planktonic bacterial cell inactivation [Moisan et al 2002; Kamgang et al 2007]. Oxygen and
nitrogen-based plasmas have been found to be much more effective than argon plasma
because of the specific reactive molecular species generated in these two gases. However, it
was interesting to find that the antibacterial activity of discharge gas to bacteria in biofilms
was not consistent with that measured on planktonic bacteria [; Laroussi 1996, 2002; Kelly-
Wintenberg et al 1998]. Despite the distinct chemical and physical properties among
oxygen, nitrogen, and argon, all three discharge gases showed almost identical activity
towards bacteria in biofilms under the experimental conditions in this study (Figures 2A and
3). It seems that some common reactive species existing in all three types of discharge gases
might be responsible for the killing of bacteria in biofilms [Lerouge et al 2001]. It should be
pointed out that the discharge argon was more stable in comparison with the discharge
oxygen and nitrogen. Therefore, discharge argon might demonstrate slightly better anti-
biofilm activity than oxygen and nitrogen at high power (100 watts, the highest power that
can be generated by Plasma Prep III) (Figure 3A).

Biofilm inactivation mechanism: antibacterial activity vs etching effects
It should be noted that the power dependent inactivation of biofilms showed a biphasic
behavior, ie a gradual viability decrease was followed by a rapid decline. Significant anti-
biofilm activity increases were observed for discharge gas generated in the power range of
70 ~100W (Figure 3A). Unlike the power dependent inactivation of biofilms, time
dependent inactivation showed a steady decrease in the number of viable bacterial cells
(Figure 3B). There are two possible mechanisms involved in the discharge gas-mediated
biofilm inactivation observed in this study. The first involves the diffusion and penetration
of discharge gas into the biofilms which caused the erosion of bacterial cells and resulted in
severe damages to the cell membrane or to the DNA. The second mechanism involves the
etching effect associated with plasma generation. In this mechanism, the discharge gas
causes the chemical break down of the extracellular polymeric matrix. Once the architecture
of bioiflms is damaged, the extracelluar polymeric matrix becomes unable to hold the
content and bacteria (both dead and live) are released into the bulk solution. As the damage
becomes more severe, detachment of biofilms from the solid substratum surface takes place .
If biofilms were inactivated through the first mechanism, the CV staining results should
indicate no significant biofilm biomass change before and after discharge gas treatment.
However, if the biofilms were inactivated through the second mechanism, a significant
biomass loss in biofilms associated with discharge gas treatments would be seen. The results
from kinetic studies revealed that the inactivation of biofilm by discharge gas was through a
more complex process which involved the two mechanisms (Figure 4A and 4B). Bacterial
damage at the cellular level happened even when low discharge power and short exposure
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time were applied. In contrast, the etching effect was only observed at high discharge power
and extended exposure time. Therefore, the rapid viability decline associated with the
second phase of biofilm inactivation (Figure 3A) was mainly attributed to the etching effect
of the discharge gases.

Confocol microscope technology provided an opportunity to visualize and quantify the
contributions of the anti-bacterial activity and the etching effect of the discharge gas in
biofilm inactivation (Figure 5A). Untreated 1-day old S. aureus biofilms were about 15 μm
in thickness and were filled with live bacteria (stained green). The thickness of the same
biofilm was reduced to ~ 6 μm after treatment with discharge argon for 3 min . It should be
noted that 99.9% of the bacteria in the remaining biofilms were killed (stained red),
indicating that discharge gases were able to travel readily or freely throughout the biofilm.
Only loosely packed bacterial clusters with very few live bacteria (circled areas) were
observed on the substratum surfaces (Figure 5A). The loosely packed bacterial clusters
represent the bacteria that remained in biofilms with severely damaged architectures. When
the exposure time was extended beyond 5 min complete bacterial death and inoculation of
the solid substratum was observed.

Plasma-mediated inactivation of bacteria in biofilms has been reported in two recent
publications [Joaquin et al 2009; Joshi et al 2010]. However, the potential contribution of
etching effects to the anti-biofilm activity of the discharge gases were not studied or
discussed. In both studies, discharge gases were generated from high power plasma devices.
The present authors believe that the etching effect may contribute greatly to the measured
anti-biofilm activity of discharge gases in these studies.

Since aged biofilms contain more extracellular polymeric matrix and have more packed
biofilm structures, the etching effect might be expected to play a more critical role in the
anti-biofilm activity of discharge gas against these biofilms. For this reason, the anti-biofilm
activity of discharge argon was tested on 7-day old biofilms. Unlike the 1-day old biofilms,
S. aureus cells in 7-day old biofilms were completely buried inside the extracellular
polymeric matrix and no single bacterium could be identified in SEM biofilm images
(Figure 6A). As shown in Figure 6B, only 5% of S. aureus cells in 7-day old biofilms were
killed after treatment for 5 min with discharge argon. Extended treatment time beyond 10
min did not substantially reduce the number of viable bacteria in the 7-day old biofilms.
Instead, the formation of large aggregates from partially detached biofilm debris was
observed (Figure 6C). This was different from what was observed for 1-day old biofilms
(Figure 3A). Bacteria that were wrapped inside these aggregates with a rich extracellular
polymeric matrix became more resistant to the discharge gas and consequently more
difficult to treat . Obviously, the impact of the etching effect on the anti-biofilm activity of
discharge gases can be positive (eg 1-day old biofilms, Figure 3) or negative (eg 7-day
biofilms, Figure 6), depending on maturation and possibly the type of biofilm, the power
supply, and exposure time. The results from this study clearly show that the etching effect of
discharge gases should be seriously considered in any attempts to apply discharge gases for
biofilm inactivation and related treatments.

Bacteria and biofilm re-growth after treatment with discharge gases
Sterilization by gas-discharge plasma has proven to be as effective as or even more effective
than other methods which use a single killing agent [Moisan et al. 2002; Kamgang et al.
2007]. It may therefore be asked whether discharge gases are effective enough for
sterilization of biofilms? A simple bacteria and biofilm re-growth experiment was conducted
on treated biofilms to evaluate the sterilization abilities of the discharge gas on biofilms. In
these experiments, biofilms were treated with discharge gases under the optimal
experimental conditions as described above. After treatment, biofilms were directly fed with

Traba and Liang Page 6

Biofouling. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fresh TSBG (without washing) and incubated for an additional 48 h . Bacterial growth from
treated biofilms was measured by monitoring the bacterial concentration increase in the
culture medium while biofilm re-growth was estimated by measuring biomass changes in
biofilms using CV staining.

Untreated S. aureus biofilms grew rapidly in the first 24 h of incubation and the total
biomass of biofilms doubled after incubation for an additional 24 h (Figure 7A). On the
contrary, no significant re-growth could be observed in S. aureus biofilms treated with the
discharge gas even after incubation for 48 h . This is consistent with the results from the
MTT assays and confocol microscope analysis (Figure 2-4) and confirms the effectiveness
of discharge gases in biofilm inactivation. Interestingly, bacterial growth in supernatants was
only found in the biofilms treated by discharge gases (Figure 7B). A reasonable explanation
of this phenomenon can be directly related to the etching effects of discharge gases [Kim et
al 2003]. In the control group, biofilms with intact architecture could hold bacteria tightly
and thus the release of bacteria from the untreated biofilm was not observed. However, the
etching effect of discharge gas damaged the architecture of biofilms and in doing so a
number of bacterial cells were released into the supernatant. Bacterial re-growth in the
medium reflected the release of live bacteria which were not killed in situ under the specific
experimental conditions (100W power and treatment for 5 min ). The lowest bacterial re-
growth rate was found in argon treated biofilms (Figure 7B). This result may reflect the
strong etching effect of discharge nitrogen and oxygen compared to argon. However, it
should also be noted that discharge argon is better than discharge nitrogen and oxygen at
killing bacteria in biofilms when high discharge power was applied (Figure 3A, only
compare the points at 100 watts). Complete inhibition of bacteria and biofilm re-growth
could be achieved by extending the exposure time of biofilms to each discharge gas (Figure
8).

Bacterial killing mechanisms of discharge gas
As already mentioned, charge carriers, reactive species, and UV radiation generated from
gas-discharge plasma are all well known to cause cell damage and/or cell death [Laroussi
1996, 2002; Kelly-Wintenberg et al 1998]. In this regard, gas composition must be the
determining factor for the effectiveness of discharge gas in biofilm inactivation. It has been
found that oxygen discharge gas contains radicals and excited molecules (atomic and singlet
molecular oxygen), hydroxyl radicals, and ozone [Moisan et al 2002; Halfmann et al 2007;
Boscariol et al 2008] and thus is much more effective than nitrogen and argon plasma in
bacteria inactivation [Kamgang et al 2007]. Interestingly, under the experimental conditions
used in this study, plasma generated from oxygen, nitrogen, and argon gases with distinct
chemical and physical properties showed very similar acting-profiles and demonstrated
almost the same anti-biofilm activity (Figures 2 and 3), suggesting that some common
reactive species existing in all three discharge gases may be directly correlated to the
bacteria killing activity of the plasma. It should be pointed out that plasma induced
breakdown of the extracellular polymeric matrix will be associated with the generation of
many reactive chemical species. Therefore, potential contributions of secondary radiations
from these reactive chemical species to the bacteria killing activity of discharge gas should
not be excluded.

Studies on 1-day old S. aureus biofilms confirmed that all bacteria treated with discharge
gas underwent a reduction in size (Figure 9). This shrinking of the bacteria was observed at
a very early stage of the treatment ( < 1 min after exposure to the discharge gases). The same
phenomenon was not seen in the control group (data not shown) where the biofilms were
subjected to the same experimental conditions but without plasma power. Therefore,
shrunken bacteria can be explained by gas flow induced dehydration of the cells. . In order
to further understand the effects of discharge gases on the bacterial cell membranes,
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fluorescent (FITC) labeled wheat germ agglutinin (WGA), a probe specific for cell
membrane glycans , was used to visualize cell membrane structure changes during the
process. It was also interesting to find that discharge gas treatments induced cell membrane
fusion in S. aureus cells in biofilms (Figure 9). SEM results revealed that bacterial size
reduction and biofilm architectural damage occurred shortly after the biofilms were exposed
to the discharge gas. However, cell membrane fusion occurred in the later stages of
treatment and was associated with cell lysis (Figure 10).

As is known, almost all reactive species generated in gas-discharge plasma are able to
penetrate cell membranes and induce severe DNA damage [Laroussi 1996, 2002; Kelly-
Wintenberg et al. 1998; Lerouge et al 2001]. In order to further understand the anti-biofilm
mechanism of discharge gases, bacterial chromosomal DNA was isolated from biofilms
treated with discharge argon for 0~10 min and analyzed by agarose electrophoresis.
Interestingly, despite severely damaged cell membranes, no DNA fragmentation was
observed (Figure 11). It seems that plasma induced death of S. aureus cells was mainly from
cell membrane damage caused by the discharge gas. Further studies on the anti-biofilm
mechanisms of discharge gases may enrich understanding of the biological functions of
plasma which may in turn lead to the widespread application of plasma in biomedical
sciences, especially in the treatment of biofilms and various biofilm related bacterial
infections.

In summary, this study has confirmed the anti-biofilm ability of discharge gases on S.
aureus biofilms in which antibiotic resistance has developed. Interestingly, all three of the
tested gases, nitrogen, oxygen, and argon showed almost identical anti-biofilm activity
despite their distinct chemical and physical properties. Since the cost of oxygen and nitrogen
is substantially lower than that of argon, this finding could have major implications for the
ways in which plasmas are generated and used in the future. It was also found that the
etching effect will greatly affect the anti-biofilm activity of discharge gases. If bacteria in
biofilms are not completely killed before the architecture of the biofilms is severely
damaged by discharge gases, the release of live bacteria from biofilms may be problematic
in the case of biomedical applications. The possibility of manipulating bacterial killing and
the etching effects of discharge gases will be explored in future studies.
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Abbreviations

MTT methylthiazolyldiphenyl-tetrazolium bromide, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide

CV crystal violet

TSBG tryptic soy broth supplemented with 0.2 % glucose

CFU colony forming unit

SDS sodium dodecyl-sulfate
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Figure 1.
Schematic diagram of the reaction chamber. (1) Quartz reaction chamber; (2) semitubular
electrode; (3) gas outlet; (4) RF power supply; (5) sample holder; (6) vacuum connection.
The distance between the gas outlet and the sample holder is about 12 cm.
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Figure 2.
A) The killing activity of discharged gas to bacteria in 1-day old S. aureus biofilms as
measured using the MTT assay. Insert: images of MTT stained bacteria in biofilms grown
on 6-well plates before (left) and after (right) discharge argon treatment. B) Confocol
microscope images of live and dead bacteria in biofilms before (left) and after (right)
treatment with discharge argon. Experimental conditions: power: 100W; exposure time: 5
min ; gas flow rate: 2.4 ft3 h−1 . Data represent the mean and SD of at least three samples.
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Figure 3.
Plasma power and exposure time affected antibacterial activity of discharged gases on S.
aureus in 1-day old biofilms. Experimental conditions: A) gas flow rate: 2.4 ft3 h−1 ;
exposure time: 5 min ; B) Power: 100W; gas flow rate: 2.4 ft3 h−1 . Data represent the mean
and SD of at least three samples. *, p<0.01.
In Fig. 3A, “Power (Watt)” should read “Power (W)” and “(log10 cfu/ml)” should read
“(log10 cfu ml−1)”
In Fig. 3B, “Exposure Time” should read “Exposure time” and “(log10 cfu/ml)” should read
“(log10 cfu ml−1)”
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Figure 4.
Discharge gases caused bacterial death (A) and biomass loss (B) in 1-day old S. aureus
biofilms. Total biomass and bacterial viability in biofilms were determined by CV and MTT
staining, respectively. Experimental conditions: A) discharge gas: argon; exposure time: 5
min; power: 0-100W; gas flow rate: 2.4 ft3 h−1 . B) discharge gas: argon; exposure time:
0-10 min; power: 100W; flow rate: 2.4 ft3 h−1 .
In Fig. 4A, “Power (Watts)” should read “Power (W)” and “Live Bacteria” should read
“Live bacteria”
In Fig. 4B, “Exposure Time” should read “Exposure time” and “Live Bacteria” should read
“Live bacteria”
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Figure 5.
Etching effects of discharge gases on 1-day old biofilms. A) Z-stack confocal images of
stained (Live/Dead kit) S. aureus biofilms after exposure to discharge argon for the
indicated time; B) microscope images of CV stained S. aureus biofilms treated with
discharge gases for 5 min at 100W. Data represent the mean and SD of at least three
samples.
In Fig. 5, “mins” (x3) should read “min”
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Figure 6.
A) SEM image of 7 -day old S. aureus biofilms; B) confocol images of stained (Live/Dead
kit) 7 -day old S. aureus biofilms treated with discharge argon (power: 100W; gas flow rate:
2.4 ft3 h−1 ). (Exposure time is indicated on each image.) C) Viability of S. aureus (as
measured by MTT assay) in 7 -day old biofilms treated with discharge argon under the same
experimental conditions as described in Figure 6B.
In Fig. 6B, “Exposure Time” should read “Exposure time” and “cfu/ml” should read “cfu
ml−1”
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Figure 7.
Biofilm (A) and S. aureus (B) re-growth from discharge argon treated biofilms.
Experimental conditions: power: 100W; gas flow rate: 2.4 ft3 h−1 ; exposure time: 5 min .
After treatment, biofilms were washed and fed with fresh TSBG medium and incubated for
another 24h (labeled as 48 h ) and 48 h (labeled as 72 h ). Biofilm biomass was measured by
CV staining while bacterial re-growth was estimated by measuring absorbance changes of
culture supernatant at OD570 nm. Data represent the mean and SD of at least three samples.
In Fig. 7A, “hr” (x3) should read “h” and “Biomass Changes in Biofilms” should read
“Biofilm biomass changes”
In Fig. 7B, “Bacteria in Growth Medium” should read “Bacteria in growth medium” and
“Incubation Time (hrs)” should read “Incubation time (h)”
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Figure 8.
S. aureus growth from discharge argon (100W and 2.4 ft3 h−1 ) treated biofilms was
measured by monitoring the absorbance change in the culture supernatant at OD 570 nm.
In Fig. 8, “S. aureus Re-growth” should read “S. aureus re-growth” and “Incubation time
(hr)” should read “Incubation time (h)”
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Figure 9.
Confocal images of S. aureus in 1-day old biofilms treated with discharge argon (power:
100W; gas flow rate: 2.4 ft3 h−1 ). Reduced bacterial sizes and cell membrane damage were
observed within 3 min of treatment.
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Figure 10.
SEM images of 1 -day old S. aureus biofilms before (A) and after treatment with discharge
argon (power: 100W; gas flow rate: 2.4 ft3 h−1 ) for 5 min (B) and 10 min (C), respectively.
In Fig. 10, “mins) (x3) should read “min”
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Figure 11.
DNA agarose gel of chromosomal DNA isolated from S. aureus in discharged argon (power:
100W; gas flow rate: 2.4 ft3 h−1 ) treated biofilms at different time points.
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