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Abstract

®

CrossMark

The antimicrobial effects and associated mechanism of inactivation of Staphylococcus aureus
(8. aureus) NCTC-8325 biofilms induced by a He/O, atmospheric-pressure plasma jet (APPJ)
are investigated in vitro. According to CFU (colony forming units) counting and the resazurin-
based assay, the 10 min He/O; (0.5%) APPJ treatment produces the optimal inactivation
efficacy (>5 log10ml~"') against the S. aureus biofilm and 5% of the bacteria enter a viable
but non-culturable (VBNC) state. Meanwhile, 94% of the bacteria suffer from membrane
damage according to SYTO 9/PI counterstaining. Scanning electron microscopy (SEM)
reveals that plasma exposure erodes the extracellular polymeric substances (EPS) and then the
cellular structure. The HDCFDA-stained biofilms show larger concentrations of intracellular
reactive oxygen species (ROS) in membrane-intact bacteria with increasing plasma dose.

The admixture of oxygen in the working gas highly contributes to the deactivation efficacy

of the APPJ against S. aureus and the plasma-induced endogenous ROS may work together
with the discharge-generated ROS to continuously damage the bacterial membrane structure

leading to deactivation of the biofilm microbes.

Keywords: atmospheric-pressure plasma jet (APPJ), Staphylococcus aureus, biofilm

inactivation, reactive oxygen species (ROS)

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

1. Introduction

Many types of planktonic bacteria can attach to each other to
form dynamic biofilms on different surfaces and materials. In
the presence of extracellular polymeric substances (EPS) such
as water, polysaccharides, DNA, and lysed bacteria debris,
the microbial biofilms can offer bacteria enhanced protec-
tion and nutrition traps. Biofilm bacteria are different from

1361-6463/17/105201+12$33.00

their planktonic counterparts in terms of the physiology and
environmental stress resistance based on EPS protection and
the cell-to-cell quorum sensing (QS) system, which regulates
the interbacterial communication, conjugation, and coordina-
tion [1, 2]. Therefore, the host immune system and antibiotics
are less effective in deactivating microbial biofilms, leading
to high health cost, morbidity, and mortality in the treatment
of biofilm-related hospital acquired infections (HAI), implant

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Diagram and electrical schematic of the APPJ device and typical photographs of the He and He/O, APPJ.

infection, and chronic wounds [3]. Hence, new approaches
with better biofilm-controlling effects are needed.

A cold atmospheric-pressure plasma is a useful sterilizing
tool to treat biofilm-contaminated human skin, canal roots, as
well as biomedical devices [4—19]. In particular, the atmos-
pheric-pressure plasma jet (APPJ) is effective in deactivating
various kinds of Gram-positive and negative microbial bio-
films and possesses many advantages such as high inactiva-
tion efficiency, no toxic residues, and low treatment costs
[20-29]. The antimicrobial efficacy of APPJ on C. albicans,
S. mutans, and human saliva biofilms were investigated in
vitro by Koban et al [30, 31] and the APPJ could be a sub-
stitute for chemical antiseptics in eradicating biofilms. The
APP]J penetration depth into P. gingivalis and E. faecalis bio-
films determined by Xiong ef al [32] and Pei et al [33] was
about 15 pm and 25.5 pm, respectively. Sysoliatina et al [34]
found that an exposure time of 4 min was adequate in killing
9 1og10 CFU (colony forming unit) of biofilm S. epidermidis
with an Ar-Air APPJ. Vandervoort et al [35] and Zelaya et al
[36] studied the anti-microbial capacity of a 13.56 MHz
RF-driven He/N, APPJ against P. aeruginosa biofilms with
different N, ratios and 7 logl0 CFU reduction (reduction of
107 bacteria CFUs) was observed after minutes. Moreover,
the antimicrobial effects on S. aureus biofilms by APPJs for
different gas compositions and treatment doses have been
explored. CFU reduction of 5.5 loglOml~!' was by He/O,
APPJ treatment in vitro for 2min by Alkawareek et al [22]
and 6.7 log 10ml~! after 6min by Flynn et al [37]. Matthes
et al [25] found that an RF-driven Ar APPJ produced con-
siderable antimicrobial effects on S. aureus ATCC-6538 bio-
films and the plasma dose played a crucial role. Delben et al
[23] investigated the inactivation efficacy of a DC-driven Ar
APPJ against S. aureus biofilms and C. albicans/S. aureus
dual-species biofilms. Considerable deactivation effects were
observed from S. aureus under two conditions corresponding
to 2 logl0 CFU ml~! and 1.2 logl0 CFU ml~! reduction,
respectively, after exposure for 1 min.

APPJ possesses the characteristics of transient and thermal
non-equilibrium and highly reactive chemistry so that charged
species can be transported rapidly and efficiently [38—41].
APPJ produces reactive oxygen species (ROS) such as
0y, 10,, -OH, and O3 [42] while emitting UV (ultra-violet)
radiation [43] and electric fields [44] simultaneously. These
environmental stresses can potentially trigger cell degradation
by damaging bio-macromolecules such as proteins, lipids,
and DNAs, thereby affecting the cellular metabolism, elec-
tron transportation, intracellular electric fields generation,
and intracellular ROS production [43-50]. Our previous work
indicated that helium APPJ could induce significant oxidative
stress in biofilm bacteria and trigger intracellular production
of ROS. The plasma-generated reactive species and plasma-
induced endogenous ROS possibly contributed to bacteria
death synergistically [51].

A mixture of O, with noble gases or nitrogen can enhance
the inactivation efficacy of plasmas against microorganisms in
both planktonic and biofilm bacteria by damaging the cellular
structure and functions due to more plasma-generated ROS
[52-55]. However, the specific ROS-driven intracellular inter-
actions and related mechanism on final deactivation are still
not well understood. Furthermore, the relationship between
discharge-generated ROS and plasma-induced endogenous
ROS in bacteria is not clear. In this work, the role of O, in
the helium discharge against S. aureus biofilms is investigated
systematically in vitro.

2. Materials and methods

2.1. Plasma source

Figure 1 shows the diagram and the electrical schematic for
the AC-driven APPJ source used in this study as previously
described by Xu et al [51]. A copper rod was fixed at the center
of a thin quartz tube with one side sealed to serve as a single
electrode. The tube was wrapped with a Teflon shell tightly
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and connected to the quartz nozzle tube. A mixture containing
helium (99.995%) and oxygen was the working gas and the
flow rate was 6.7 standard liters per minute (SLM). The elec-
trical characteristics of the APPJ was monitored by a high-
voltage probe (P6015A) and Rogowsky coil with a digital
oscilloscope (Tektronix MSO 5104) (figure 1). The input
voltage was 20kV for the He APPJ and periodical discharge
occurred at a frequency of 38 kHz. The average plasma power
was calculated by the following formula:

I
P= fo u()i(t)d,

where T is the discharge period and the average discharge
power is about 14 W. The plasma power was kept at this value
during the experiments. The photographs of the He and He/O,
APP]J treated biofilm slices and human skin are displayed in
figure 1 which shows reduced coverage for the He/O, plasma
compared to the helium discharge.

2.2. Preparation for S. aureus biofims

Gram-positive bacterium S. aureus biofilms can form on
human skins, biomaterials, and biomedical devices leading to
infection [56]. In our experiments, the S. aureus strain NCTC-
8325 with significant biofilm-forming capacity was cultured
overnight, diluted to 1-2 x 107 CFU ml~! in the TSBG
(tryptic soy broth with 0.5% glucose) medium, and cultivated
on a borosilicate slice (diameter = 8 mm, area =~ 0.5 cm?) for
12h at 37 °C. For the CLSM (confocal laser scanning micros-
copy) examination, the biofilms were cultured on microwell
dishes (Part No. P35G-1.5.20-C, MatTek Co., Ashland, MA,
USA). The average thickness of the cultured S. aureus bio-
films was 16.4 +2.0 um as determined by fluorescence
staining. After incubation, the medium was removed and the
biofilms were rinsed gently by PBS (phosphate buffer saline)
to remove planktonic and loosely attached bacteria. Prior to
plasma exposure, the biofilms were kept at 37 °C in an incu-
bator for 15min for drying and water residues were hardly
discernable on the biofilms afterwards.

2.3. Plasma exposure

The distance between the S. aureus biofilms and plasma jet
nozzle was 10 mm in order for the plasma to cover the entire
biofilm area. The exposure time was varied from 0 to 10 min
and the biofilms treated with the gas mixture without discharge
served as the control samples in order to eliminate the drying-
triggered antimicrobial effects. To investigate the disinfection
effects of the APPJ-generated UV, the plasma effluent was
blocked by a sterile quartz plate but UV was allowed to reach
the biofilms [57].

2.4. Deactivation effects on biofim S. aureus
by APPJ exposure

CFU counting and D-value (the decimal reduction time
required to kill 90% of the organisms studied) calculation
were used to study the cultivability of biofilm S. aureus after

plasma exposure. The S. aureus were dispersed from the
biofilms ultrasonically for 20 min [26, 58] and re-suspended
in 1ml of PBS. Decimal dilutions were carried out before
spreading on TSBG agar plates. The overnight culture was
counted to assess the plasma-driven deactivation effect.

2.5. Optical emission spectroscopy (OES)

An AvaSpec-2048-8-RM spectrometer (gratings of 2400
grooves mm~') was employed to obtain the optical emission
spectra of the He and He/O, APPJ. The optical fiber probe
was installed 10mm away from the plasma jet nozzle and
instrumental broadening was about 0.11 nm determined by a
mercury lamp.

2.6. Mass spectrometry (MS)

Mass spectrometry was conducted on the MBMS (molec-
ular-beam mass spectrometer, Hiden EQP mass/energy
analyzer HPR 60). The distance between the jet nozzle and
orifice of MBMS was 10mm and a time-averaged mode was
implemented.

2.7 Cellular metabolic capacity of biofim S. aureus

Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) can
diffuse into bacteria and be reduced to resorufin (7-Hydroxy-
3H-phenoxazin-3-one) by intra-bacterial reductases and the
non-reversible bio-chemical change of resazurin to fluores-
cent resorufin depends on the bacteria with metabolic ability
[59]. Here, a resazurin-based toxicology assay kit (Sigma®,
St. Louis, MO, USA) was utilized to monitor the bacterial
metabolic ability of the biofilm S. aureus according to the
manufacturer’s instructions. The plasma-treated biofilms
were re-suspended in PBS and resazurin was then added and
cultured. A standard microplate reader (Varioskan Flash,
Thermo-Fisher Scientific, US) was employed to measure the
fluorescent intensity at excitation/emission (Ex/Em) wave-
lengths of 560/590 nm. The percentage of metabolic S. aureus
after plasma exposure was calculated based on the control
samples (set to 100%). The resazurin-added dH,O (de-ionized
water) without bacteria served as the control to determine the
fluorescence background.

2.8. Membrane integrity of biofim S. aureus
and penetration depth

The membrane integrity of the biofilm S. aureus after plasma
treatment was investigated by CLSM (Zeiss LSM710, Carl
Zeiss, Jena, Germany) imaging and fluorescence quantifi-
cation together with the LIVE/DEAD® BacLight™ bacte-
rial viability kit (L7012, Molecular Probes, Carlsbad, USA)
according to the manufacturer’s instruction. The bacterial via-
bility kit consisted of two types of nucleic acid dyes: SYTO
9 (green fluorescence, labeling bacteria with intact mem-
brane structure) and PI (propidium iodide, red fluorescence,
tracing membrane-damaged bacteria), which are widely used
in evaluating the plasma inactivation effects by successfully
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dyeing biofilm layers [32, 33, 51]. After plasma exposure, the
dye mixture was added to the S. aureus biofilms followed by
incubation at room temperature for 15-20min. The residual
dyes were washed away by d H,O before CLSM imaging. The
z-stack micrographs were taken from the center of the plasma-
treated biofilms using Zeiss ZEN® 2010 suite (Carl Zeiss,
Jena, Germany) at Ex/Em wavelengths of 485/530nm for
SYTO 9 and 485/630nm for PI, respectively, at an interval of
1.500 pim.

A semi-quantitative assay was performed to evaluate the
percentage of S. aureus with intact membrane structure after
plasma treatment and the green/red fluorescence intensity ratio
(Ratiogr) reflected the bacterial membrane integrity. The bio-
film samples were re-suspended in PBS after exposure and
added to a 96-well micro plate (Costar® 3792, Corning Inc.,
Corning, NY) in triplicates. The dye mixture was pipetted into
the wells based on manufacturer’s instruction. After thorough
mixing, the samples were incubated in darkness for 25 min at
room temperature. A standard microplate reader was utilized
to monitor the green and red fluorescent signals at 485/530nm
and 485/630nm, respectively and a linear fit was employed
to calculate the percentage (%) of membrane-intact S. aureus
in the population based on the Ratiogr. Notably, Ratiogr
from the counterstained 6th biofilm layer was obtained by
CLSM imaging (z-stack) based on the fluorescence quantita-
tive function in Zen® 2010 software. The percentage (%) of
membrane-intact bacteria in this layer after plasma exposure
was obtained.

2.9. Scanning electron microscopy (SEM)

SEM images were acquired from the plasma-treated S. aureus
biofilms on the XL-30 SEM (FEI, Hillsboro, US) at 8000
magnification after gold-palladium coating.

2.10. Intracellular reactive oxygen species (ROS)
of biofim S. aureus

The cell-permeant fluorescent probe 2’,7'-dichlorodihydro-
fluorescein diacetate (H,DCFDA, D399, Sigma, US) was
utilized to determine the intrabacterial ROS concentration
in the biofilm S. aureus. The acetate groups of H,DCFDA
could be cleaved intracellularly by esterases and ROS oxida-
tion resulting in conversion of non-fluorescent H,DCFDA to
highly fluorescent DCF (2/,7’-dichlorofluorescein) as the ROS
indicator [60]. The S. aureus biofilms cultivated on microwell
dishes were plasma-treated and dripped with H,DCFDA
(10 uM) until complete coverage. The biofilms were incu-
bated in darkness for 20min at 37°C and the dye residues
were removed by washing afterwards. CLSM coupled with
Zeiss ZEN® 2010 software was utilized to acquire the bio-
film z-stack images with an interval of 1.500 pm (Ex/Em at
488/525nm) as well as the overall mean DCF intensity of the
6th biofilm layer for quantitative detection. The mean DCF
intensity in a single membrane-intact bacterium in the 6th bio-
film layer was obtained by using the overall DCF intensity of
this layer divided by the number of membrane-intact bacteria
in this layer after plasma exposure.

Figure 2. Log survival data of the He and He/O, APPJ treated
S. aureus biofilms at different O, admixture ratio (0.5%-2%). Each
point represents the mean of 9 values + SD (standard deviation).

2.11. Statistical analysis

The microbiological and biochemical analyses were per-
formed in 3 independent assays and the CFU counting results
were converted to log 10 CFU ml~!. The mean values and
standard deviations (SD) were calculated from at least 9 mea-
surements. The error bar represented the SD of each mean
value and the significant level was assessed by the Student’s
T-test (SPSS V. 22.0 software).

3. Results and discussion

3.1. Surviving data of biofim S. aureus

The deactivation efficacy of the He/O, APPJ for different O,
ratios (0%, 0.5%, 1%, 1.5% and 2%) against S. aureus biofilms
is determined. The survival data in figure 2 show that the orig-
inal S. aureus population is approximately 7 log10 CFU ml~!
(different bars at 7'= 0O reflecting little variations in the initial
bacteria count) and UV generated by the plasma reveals no
significant disinfection effect. The inactivation effects of pure
helium discharge and He/O; (0.5%) APPJ on S. aureus biofilms
are larger than those of He/O, plasmas with higher O, admix-
ture ratios (1%, 1.5%, and 2%) for almost all plasma expo-
sure periods (from O to 10min). Notably, the He/O, (0.5%)
plasma results in a shorter D-value of 36s than He APPJ (525)
and a more than 5 logl0 CFU ml~' reduction (>99.999%) is
obtained after He/O, plasma exposure for 10min. More O,
added (>1%) to helium attenuates the antimicrobial effects.
The least efficient deactivation is observed at an O, ratio of
2%. Since the optimal inactivation effect is achieved with an
O, ratio of 0.5%, this ratio is consequently chosen in sub-
sequent experiments for evaluating the role of O, in He/O,
plasma driven deactivation and obtaining related mehcanisms.

3.2. Characteristics of the atmospheric-pressure plasma jet

The plasma parameters such as the plasma-generated excited
reactive species and gas temperature are usually determined
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by optical emission spectroscopy (OES). The OES result
(200-1050nm) of the He/O, (0.5%) plasma jet in figure 3(a)
shows multi-emission lines of helium, multi-types of nitrogen
species, excited OH (306-310nm), as well as excited atomic
oxygen (777.2 and 844.6nm).

The gas temperature of the APPJ plays an important role
in bacteria deactivation. Assuming that it is equal to Ty
(the rotational temperature), the gas temperature can be deter-
mined by comparing the simulated results in the 368—-381 nm
N, (C-B) band (blue dots in figure 3(b)) with the experimental
results and searching for a good fit with suitable T} and Ty
(the vibrational temperature) in the Specair software [61].
Simulation results on 7, and T, for the He and He/O, (0.5%)
APPJ are supplied in figure 3(b) to display their respective
evolution. As shown, a good fit is obtained at T, = 300K
and Tj, = 2500K for the pure helium discharge and 310K
(T:o)/5000K (Tyip) for the He/O, plasma. The Ty, signifi-
cantly increases by about 2500K when the concentration of
O, goes up from 0% to 0.5% and there exists an enhance-
ment of 10K for the T;,.. More effective energy transfer from
electrons to molecular oxygen through excitation of rotational
and vibrational levels of O, [62] may explain the heating
effect. The accuracy of the simulations is verified by moni-
toring the surface temperature of an APPJ-treated PTFE slice
(10min, distance at 10mm) using an infrared thermometer
(Raynger ST, Raytek, US). The two simulated 7,y are gen-
erally in accordance with the measured surface temperature
(error of several K), respectively. Results illustrate that the
gas temperature of the He and He/O; (0.5%) APPJ is close to
room temperature which is also confirmed by direct contact
with a human finger (figure 1). The larger T, compared to T
indicates non-equilibrium conditions suggesting highly reac-
tive chemistry. Specifically, the near-room temperature APPJ
excludes the thermo-triggered antimicrobial effects and the
charged particles and reactive radicals formed in the plasma
may play more critical roles in bacterial deactivation.

ROS (O and OH, etc) produce cell damage and functional
perturbance by oxidation as previously reported [48, 63].
Figure 3(c) displays the line intensities of three representative
plasma-generated excited ROS (309nm -OH, 777.2nm O and
844.6nm O) in the He and He/O, (0.5%) APPJ. The emis-
sion intensity of the excited hydroxyl radical (-OH, 309 nm)
descreases with an admixture of O, and the excited atomic
oxygen intensity (O, 777.2nm and 844.6nm) increases. The
larger concentration of discharge-generated excited atomic O
may produce better antimicrobial effects [53].

According to the OES, there are visible bands of the
NO-gamma system which indicate UV radiation. UV is known
to have bactericidal effect but although the APPJ source emits
UV during operation, the result shows that UV-driven antimi-
crobial effects do not contribute much to the observed sterili-
zation in this study (figure 2). Laroussi ef al [64] and Machala
et al [47] have reported that UV does not play a dominant role
in plasma driven disinfection but rather the oxidizing agents
are the main contributors in atmospheric-pressure plasmas
composed of O, and noble gases or N».

The positive and negative ions impinging into the biofilms
may produce liquid chemistry due to the biofilm encased

@

(b)

Figure 3. (a) Optical emission spectrum (OES) in the range of
200-1050nm acquired at a distance of 10mm below the nozzle of the
He/O, (0.5%) plasma jet; (b) experimental and simulated spectra
(368-381nm) of the He and He/O, (0.5%) plasma jet; (c) emission
intensities of multiple types of representative reactive species (‘OH 309nm,
O 777.2nm and O 844.6nm) in the He and He/O, (0.5%) APPJ. Each
point represents the mean of 9 values + SD (standard deviation).
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Figure 4. (a) Positive mass spectrum of He/O; (0.5%) APPJ; (b) negative mass spectrum of He/O; (0.5%) APPJ; (c) neutral mass spectrum
of He/O; (0.5%) APPJ; (d) positive mass spectrum of He APPJ; (e) negative mass spectrum of He APPJ; (f) neutral mass spectrum of
He APPJ. All mass spectra were acquired at a distance of 10 mm below the nozzle of the plasma jet.

structure and/or free H,O. Oxidative radicals are generated and
the acidity of plasma-treated zone increases leading to bacteria
death [65]. Figures 4(a)—(f) present the mass spectra obtained
at a distance of 10mm from the jet nozzle. Figure 4(a) dis-
plays the positive mass spectrum of the He/O, (0.5%) APPJ.
Nearly 20 fragments were observed such as intense peaks
corresponding to O3, NO*, OF, and NJ ions as well as less
intense peaks that belong to N*, H,O", H;0", OH", (OH)
O*, N,H* and NOj ions. Compared to the results obtained
from the He APPJ (figure 4(d)), the O™ intensity increases but
that of OH™ and O5 decreases. The OF intensity is the highest
among all positive ions in the APPJ with the admixture of O,.
Figures 4(b) and (e) show the negative mass spectra for both
gases revealing more than 10 species including O™, O;, Oj,

OH™, (OH)O~, H;0™, CO3~, NO;, ONOO~, and NOj. The
added O, increases the O™ intensity which is the largest. The
intensity of O, increases slightly while that of OH™ and O3
decreases. With regard to neutral species (figures 4(c) and
(f)), He, N, and O, dominate and there are also small amounts
of N, O, OH, and H,O. In comparison, the admixture of O,
increases the neutral O intensity. The intensity of neutral OH
also increases but no appreciably.

As shown in the optical emission and mass spectra, the
intensities of the excited atomic O, some O related ions and
neutral O species significantly increase in the He/O, (0.5%)
APPJ, respectively. The larger amounts of various types of
ROS (reactive oxygen species) may induce stronger oxida-
tion and destruction of the organic constituents (EPS and cell
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structures) encased in the microbial biofilms giving rise to the
higher antimicrobial efficacy by the He/O, (0.5%) plasma than
pure helium discharge. The respective contribution of plasma
generated multi-kinds of ROS on deactivation of S. aureus
biofilms still needs further study.

3.3. Bacterial metabolic capacity of biofim S. aureus

Irreversible conversion of resazurin to resorufin is proportional
to the number of metabolically active and viable cells in
the bacteria population. As shown in figure 5, the percentage
of biofilm S. aureus with metabolic capacity decreases
considerably after the He/O, (0.5%) APPJ treatment. After
exposure for 10min, it drops to approximtately 5% and the
He/O, APPJ produces better inactivation effects than pure
helium discharge concerning the culturable ability and meta-
bolic capacity of biofilm S. aureus. By comparing figures 2 and
5, a sub-lethal effect is produced by plasma exposure bringing
5% of the biofilm S. aureus to a physiologically viable but
non-culturable (VBNC) state [10, 66]. The transition prevents
normal bacteria activities such as growth and cell division
[67]. APPJ-driven environmental stresses such as energy flow,
UV irradiation, toxic chemicals and water shortage limitation
[68] should lead the biofilm bacteria to the VBNC state.

3.4. Bacterial membrane integrity of biofim S. aureus

As shown in figures 6(a) and (b), the SYTO 9/PI counter-
stained CLSM micrographs of He/O, (0.5%) and He APPJ
treated S. aureus biofilms are displayed at larger intervals
on plasma exposure dose (control, 5 and 10min) and bio-
film layer depth (surface, middle, bottom layer). The over-
whelming majority of the biofilm S. aureus in all the biofilm
layers at different depths are stained green after the gas treat-
ment without discharge (serving as control) indicating good
membrane integrity. After He/O, (0.5%) APPJ exposure for
Smin (figure 6(a)), the surface layer is dyed completely red
signifying broken membranes on almost all bacteria. The
membrane-damaged bacteria constitute a large proportion
in the middle layer and are also spotted in the bottom layer.
After exposure for 10 min, the layers in the S. aureus biofilm
are predominantly stained red indicating that the plasma pen-
etrates through all the biofilm and only a small number of
membrane-intact bacteria are discernable in the bottom layer.
With regard to the helium APPJ treatment (figure 6(b)), the
membrane-intact bacteria still exist on the surface layer after
exposure for Smin and spotted after 10 min. For S. aureus in
the middle layer, intact ones account for the major bacteria
proportion after exposure for Smin and it is opposite from
that after 10 min. Helium plasma treatment for 10 min cannot
much affect the membrane integrity of S. aureus in the bottom
layer.

The plasma-generated ROS penetrates the biofilms layer-
by-layer leading to membrane rupture on a large number of
the bacteria. Penetration of the plasma into biofilms is impor-
tant in elucidating the plasma-driven inactivation effect. The
plasma penetration depths are obtained by method of SYTO
9/PI staining coupled with CLSM imaging (z-stack). The

Figure 5. Percentage of bacteria with metabolic capacity in the
He and He/O, (0.5%) APPIJ treated S. aureus biofilms. Each
point represents the mean of 9 values +=SD (standard deviation);
significant level: *P < 0.05; **P < 0.01.

results are derived from the original CLSM z-stack images
(data not shown). As shown in figure 7, the plasma penetration
depth increases with plasma dose for both plasmas. The He
plasma shows penetration depths of O um (control), 12.4 yum
(5min), and 15.0 um (10min) and the He/O, plasma shows
deeper penetration of 0 pym (control), 15.0 gm (5min), and
16.5 pm (10min) which has reached the bottom layer in the
biofilm. Notably, the maximum penetration depth for the He/
O; plasma (10 min) could be even larger with regard of the lim-
ited thickness of the cultured S. aureus biofilms in this study.

The He/O, (0.5%) APPJ produces better antimicro-
bial effects against S. aureus biofilms than the pure helium
discharge for the same plasma dose. Figure 8 shows the
percentage of membrane-intact biofilm S. aureus after He and
He/O, (0.5%) APPJ exposure. A larger degree of membrane
damage is produced by the He/O, APPJ. Prior to exposure,
about 90% of the biofilm bacteria possess the intact membrane
structure. After plasma exposure for 5Smin, about 85% (for
He/O; (0.5%) APPJ) of the bacteria population show mem-
brane damage but only 35% after He plasma treatment. The
percentages of membrane-intact bacteria decline to approxi-
mately 6% (He/O, (0.5%) APPJ) and 30% (He APPJ) after
10min. This plasma driven anti-biofilm result is in accord-
ance with those obtained by CFU counting (for cultivable
ability) and Resazurin-based test (for metabolic capacity) in
sections 3.1 and 3.3. As the electron transport chain which
powers most cellular bio-physical/chemical reactions is
located in the bacterial inner membrane [69], the biofilm
S. aureus might lose the metabolic and cultivable capacity
when the cellular membrane structure is damaged.

3.5. Surface morphology of S. aureus biofims

SEM (Scanning electron microscopy) images in figure 9(a)
show that the total amount of EPS (extracellular polymeric
substances) decreases significantly after He and He/O, plasma
exposure. In the microbial biofilms, since close to 90% of the
main EPS components are organic species such as polysac-
charides, proteins, and eDNAs [1], the discharge-induced
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Figure 6. (a) The SYTO 9/PI stained CLSM images on bacterial membrane integrity of the He/O, (0.5%) APPJ treated S. aureus biofilms
for different plasma dose and biofilm layers; (b) the SYTO 9/PI stained CLSM images on bacterial membrane integrity of the He APPJ

treated S. aureus biofilms for different plasma dose and biofilm layers.

Figure 7. Penetration depth of He and He/O; (0.5%) APPJ into
S. aureus biofilms.

reactive species would interact with them initially, leading to
attenuation of the intercellular junctions/connections among
the bacteria and dispersion of cell clusters, and resulting in
final impact on the inner bacteria. The shading effect derived
from EPS may protect the biofilm bacteria from the plasma-
driven environmental stress to some extent.

A large amount of the top-layer S. aureus loses the orig-
inal shape, while some bacteria become smaller being a
typical characteristic of VBNC bacteria [67]. Statistical
analysis is performed on the diameter of a large number of
bacteria (n = 30) in each micrograph by the Nanomeasure
2.0 software. The average diameter of the surface biofilm
S. aureus decreases gradually with plasma dose (figure 9(b)).
The He/O, (0.5%) APPJ shows larger impact on deforming
the cell shape than the pure helium discharge for the same
exposure time, from 0.91 pm (control) to 0.71 pm (5 min) and
0.66 pm (10min) compared to 0.90 pum (control) to 0.77 um
(5min) to 0.69 pm (10 min) for the helium APPJ.

Figure 8. Percentage of bacteria with intact membrane structure
in the He and He/O, (0.5%) APPIJ treated S. aureus biofilms. Each
point represents the mean of 9 values £SD (standard deviation);
significant level: *P < 0.05; **P < 0.01.

The intracellular environmental stress response protects S.
aureus by stimulating generation and secretion of various types
of proteins to eliminate stress-driven side effects [70-72].
However, as the plasma dose is increased, the bacterial self-
protection system is overloaded. Owing to the consequent
damage, morphologically unchanged bacteria are rarely
spotted from the surface biofilm layer. The reactive plasma
species impinging onto the cellular structures of S. aureus
break chemical bonds especially hydrocarbon ones, producing
volatile compounds and molecular fragments [21, 73]. The
plasma-driven etching effect on the bacterial outer struc-
ture may also contribute to the observed morphological
change [5, 74].

Removal of the S. aureus biofilms is not clearly observed
from the SEM photos after He/O, (0.5%) and He APPJ expo-
sure in this study. In comparison, Idlibi et al [75] found removal
of the oral biofilm by a cold atmospheric-pressure plasma
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Figure 9. SEM micrographs of the He and He/O, (0.5%) APPIJ treated S. aureus biofilms; (b) average diameter of S. aureus in the surface

biofilm layer after He and He/O, (0.5%) APPJ exposure.

Figure 10. H,DCFDA stained CLSM images acquired from the
6th layer of the He/O, (0.5%) APPJ treated S. aureus biofilms. The
highly fluorescent DCF serves as an indicator for intracellular ROS.

albeit not always completely. Rupf ez al [76] observed total
removal of biofilms using an Ar—O, plasma in combination
with air/water spray (mechanical cleaning).

3.6. Intracellular ROS of biofim S. aureus

The intrabacterial ROS status of biofilm S. aureus is inves-
tigated to elucidate their effects in the plasma-driven inacti-
vation process as well as related mechanism and to establish
the relationship between cell death and intracellular ROS con-
centrations. Figure 10 displays the H,DCFDA stained CLSM
micro-images acquired from the 6th biofilm layer immedi-
ately after He/O, (0.5%) APPJ exposure. The continuously
diminishing green dots imply that more and more S. aureus in
this layer suffer from membrane damage, as the fluorescence
probe cannot be encased but instead leaked and washed away
from the membrane-damaged cells. However, the intensity of
green fluorescence emitted from each intact cell increases,

Figure 11. Overall mean DCF fluorescence intensity (RFU pm ™2,
at Ex/Em: 488/525 nm) of the 6th biofilm layer and the mean DCF
intensity within a single membrane intact S. aureus located in the
6th biofilm layer after He/O, (0.5%) APPJ treatment. The highly
fluorescent DCF serves as an indicator for intracellular ROS. Each
point represents the mean of 9 values + SD (standard deviation);
significant level: **P < 0.01.

indicating that the intracellular ROS concentration in each
membrane-intact bacterium in this layer increases during
exposure before its membrane is finally damaged.

As shown in figure 11, the overall mean DCF intensity of
the 6th biofilm layer does not change appreciably but only
exhibits a small up-and-down tendency. It denotes the overall
mean intracellular ROS concentration in each pm? of this
layer derived from membrane-intact S. aureus after the plasma
treatment. Plasma exposure produces different environmental
stress including reactive species, electric field, UV radiation,
etc. The stress, especially RS attack, can damage the external
cellular structure by oxidation and disrupt the balance in the
intrabacterial ROS concentrations through penetration, sub-
sequently inducing intracellular self-protection responses as
signal molecules [77]. Specified ‘defending genes’ are thus
stimulated in generating and secreting multiple kinds of
proteins to repair cellular damage [71, 72]. However, in the
shielding processes, more ROS such as -O;,-OH, 10,, and
H,0, are generated as by-products by the bacterial meta-
bolic systems [69, 77]. Therefore, to resist the impact origi-
nating from the penetration of plasma-generated ROS and
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plasma-induced endogenous ROS, the bacterial oxidative
stress response system keeps working to maintain an intrinsic
balance state of intracellular ROS at a relatively stable level
via different bacterial metabolic pathways [69]. It is the pri-
mary reason for the initially mild enhancement of the overall
mean DCEF intensity in the 6th biofilm layer. As the exposure
dose is increased, the threshold of the bacterial self-protection
capacity is exceeded as described in section 3.5. Beyond the
intrinsic threshold of ROS elimination in S. aureus after high-
dose plasma exposure, the intracellular ROS with strong reac-
tive potency impact the bacterial membrane inside in concert
with the plasma-generated ROS from the outside, causing
heavy damage to bacterial structure and mediated functions.
Therefore, an increasing number of biofilm S. aureus shows
damaged membranes (figure 8). The DCF probes leak and are
washed away from the membrane-damaged cells decreasing
the overall mean DCF intensity of this layer.

The decrease is still moderate after He/O, (0.5%) APPJ
treatment for 10 min even the membrane structure of a large
amount of bacteria in this layer is damaged under these condi-
tions. That is because the intracellular ROS concentration in
each membrane-intact S. aureus in the 6th biofilm layer con-
tinues to increase, averagely harboring a high level of DCF
(signifying intracellular ROS concentrations) at about 900
RFU (relative fluorescence units). It is more than 36 times
compared with the untreated bacteria (control) in the same
layer (figure 11). The results show a selection of specially ROS
adapted bacteria located in deeper layers (such as 6th) of the
biofilm. Considering the predominance of the reactive oxida-
tive species (ROS) driven antimicrobial effects, it is rather dif-
ficult to eradicate microbial biofilms using plasma techniques
solely. Owing to the high resistance of microbial biofilms to
antibiotics, other methods such as mechanical cleaning [76]
should be combined to achieve a potentially optimal antimi-
crobial efficacy in practical applications.

4. Conclusion

The inactivation effects and mechanism on S. aureus biofilms
by a He/O, APPJ are investigated. Mixture of O, (0.5%) in
helium generates a larger amount of reactive oxygen species
to deactivate the biofilm bacteria. More than 5 loglOml~!
CFU reduction is observed after He/O, (0.5%) APPJ treat-
ment for 10min and it is the optimal antimicrobial effect.
Meanwhile, 95% of the total biofilm S. aureus population lose
the metabolic capacity and the remaining 5% may enter the
sub-lethal viable but non-culturable (VBNC) state for self-
protection. With this plasma dose, the He/O;, (0.5%) APPJ
can penetrate through all the biofilm layers producing damage
in the bacterial membranes. A larger penetration depth into
the S. aureus biofilms is observed for the He/O, (0.5%) APPJ
than for the helium discharge at the same plasma dose. SEM
reveals that the plasma erodes the EPS first and then the cel-
lular structure, deforming the bacterial shape and the S. aureus
in the surface layer possess a smaller average diameter after
He/O; (0.5%) plasma treatment. The rising intracellular ROS
concentrations play a pivotal role in damaging the bacterial
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membrane structure during exposure. The ROS generated by
the APPJ and plasma-induced endogenous ROS may attack
the bacterial membrane structure from the outside and inside
to produce heavy damage in the structures and mediated
functions synergistically. The inactivated biofilm S. aureus
are still attached to the colonizing surface and the biofilm
thickness does not decrease obviously according to SEM and
CLSM micrographs, indicating no significant removal of the
S. aureus biofilms by the He and He/O, (0.5%) APP]J.
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