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Abstract

Biofilms act as a reservoir of infection, and periodically release cells in vicinity that are capable of
developing new biofilm colonies and disseminate infection. Many chronic bacterial infections are
serious that are associated with biofilms and have high morbidity and mortality, partly due to
their higher resistance to antimicrobial agents, and partly due to lack of strong biocides which can
efficiently treat and inhibit biofilm formation. We recently demonstrated that nonequilibrium
non-thermal dielectric-barrier discharge plasma (Plasma) can also be applied to control patho-
gens via applying treated-liquids, and these liquids acquire broad-spectrum antimicrobial proper-
ties. In present studies we demonstrated a range of plasma-activated simple chemical solutions
which significantly inhibited biofilm formation by multidrug-resistant bacterial pathogens. Plas-
ma-activated methionine solution exhibited strong inhibitory activity against the biofilms of car-
bapenem-resistant Acinetobacter baumannii, methicillin-resistant Staphylococcus aureus, metal-
lo-B-lactamase (NDM1)-positive Klebsiella pneumoniae, and Enterococcus faecalis, and prevented
the formation of biofilms by about 70% as compared to untreated controls in single exposure. In
addition to inhibition of biofilm formation, a complete inactivation of biofilm-embedded bacterial
cells was observed in less than 30 minute’s exposure to candidate plasma-activated methionine
solution. These findings suggest that plasma-activated solutions have a potential to prevent bio-
film formation, and as biofilm inhibitor.
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1. Introduction

Biofilms have a huge impact on bacterial infections both, acute and chronic. The growing importance of biofilm
establishes that it is a predominant mode of growth of bacteria in almost all different environments, and about 99%
of the bacteria survive in biofilm form of life [1] [2]. In addition to virulence, biofilm is a survival strategy for
many pathogens, wherein the planktonic form of bacteria intentionally forms biofilm under unfavorable or harsh
conditions. Bacterial cells in biofilm slow down their metabolism, reduce energy consumption, protect from ex-
ternal environmental factors (resist antibiotics, biocides and desiccation), and act as a reservoir of propagating
cells (by intermittently releasing bacterial cells back to free living planktonic form) [3] [4]. Millions of bacterial
cells are present in biofilms in well-organized microcolonial communities within their own secreted product, the
extracellular polysaccharides, and their genetic program is tightly regulated. Continued release of pathogenic
bacteria cells lead to spread of infection inside host, and transmission of infection either from carrier to new host
or environment to host. Therefore, control of such biofilms is an important disruption step in dissemination of
such pathogens.

All artificial surfaces used in clinical practice and public health are prone to develop biofilm, and therefore
represent a source/risk of infection. To prevent outbreaks and dissemination of infection, efficient control of
bacterial biofilms is an essential step. Chemical and physical disinfection methods are widely used to inactivate
sessile biofilm forms of microorganisms, with variable efficacies. With the rise of multidrug resistant bacterial
pathogens, and their clonal expansion within biofilm, their control became a challenge for clinicians and asso-
ciated healthcare providers. Most of the currently available biocidal agents are either highly cytotoxic or not ef-
ficient in complete inactivation of pathogen embedded in biofilm or their prevention biofilm [5]-[7]. Many an-
timicrobial agents in their sublethal as well as optimal doses selected resistant mutants, and thus failed to effi-
cient eradication or inhibition of such pathogen, leaving a clear need for antibiofilm agents that can efficiently
inhibit biofilm, and inactivate embedded pathogens from formed biofilms.

Earlier, our laboratory has demonstrated that both direct exposure of biofilms, and indirectly exposed biofilms
to nonthermal dielectric discharge-barrier plasma (Plasma)-treated fluids significantly inactivate bacteria in their
planktonic and biofilm forms [8]. Plasma-treated fluids behave as an oxidant, and inactivate bacterial cells by
mounting intracellular oxidative stress [9]. Depending on the type of solution being treated, the treated fluid ge-
nerates a variable pool of oxidative and/or nitrosative stress in bacterial cells, and possibly target multiple sites
for oxidation. In this proof of concept study, nonthermal plasma-activated variety of solutions were generated at
normal atmospheric air (without any special gas or additional pressure), and tested for their novel broad-spec-
trum biofilm inhibition and antibiofilm activity against the biofilms of multidrug resistant virulent pathogens to
explore possibility of use as biocidal agents for surface disinfection.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The strains used this study were: methicillin-resistant Staphylococcus aureus (MRSA) (USA100) BAA-1680,
Klebsiella pneumonia (NDM1+) BAA-2146, and clinical isolate of Enterococcus faecalis ATCC29212 (all from,
American Type Culture Collection, Manassas, VA) and carbapenem-resistant MDR Acinetobacter baumannii
(CRAB) (a local clinical isolates # 22 from our laboratory). The cultures were developed by inoculation of a
single isolated colony from overnight grown trypticase soy agar (TSA) plate into 10 ml of trypticase soy broth
(TSB) and incubated at 37°C in stationary incubator. On following day, overnight cultures were used for antimi-
crobial assays and seeding biofilms.

2.2. Chemical Solutions Used in Treatment

Glucose, cysteine, glycine, proline, methionine, threonine, glutamate, arginine, and heparin (Sigma Chemical
Co., St. Louis, MO) were used. All solutions used for treatment were tested at concentrations of 1 mM through
10 mM, and were prepared in phosphate-buffered saline (PBS; 150 mmol/L sodium chloride and 150 mmol/L
sodium phosphate, pH 7.2, at 25°C) using deionized water (MP Biomedicals Inc., Solon, OH). Solutions were
freshly prepared, 0.22 p filter sterilized, aseptically handled, and aliquot either used fresh or stored at —20°C for

subsequent experiments.
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2.3. Plasma Setting and Fluid Treatment Conditions

Nonthermal plasma generator used in these studies is showed in Figure 1; and this in-house built electrode and
fluid chamber system is reported earlier by our laboratory [9] [10]. The parameters were set to 31.4 kV, 0.29
W/cm?, 1500 Hz pulse frequency, pulse duration 10 microseconds, 2 mm of gap between the surface of fluid and
DBD electrode. One milliliter of chemical solution was treated for 15 seconds through 180 seconds or left un-
treated (zero (0) second), and used freshly. A prototype post-treated methionine (5 mM) solution was held at
room temperature for over time (up to 2 h), and then used for biofilm-embedded cell survival assay, to find out
whether their anti-biofilm potency is compromised/reduced.

2.4. Biofilm Inhibition Assay

Biofilms were developed in 96 well polystyrene microtiter plates (Corning Inc., Corning, NY). Briefly, the
overnight cultures were diluted to 1:100 in TSB, and 50 ul transferred to each well of 96 well plates containing
50 ul of either untreated or plasma-treated chemical solution. The plates was gently whirled manually, and held
at room temperature for 60 min (to interact with cells), after which 100 ul of TSB was added and incubated for
24 h at 37°C in stationary incubator. On the following day, all the wells were washed gently with PBS for three
times, and drained off the traces of PBS solution by pressing inverted plate again a pad of paper towels. Aliquots
of 200 ul of 0.1% Safranin was added to each well and held for biofilm staining for 15 min at room temperature,
after which the wells rinsed three times gently with PBS and air-dried. Biofilm mass was visually inspected, and
then after adding 200 ul of 33% (v/v) acetic acid to dissolve stain in it, and quantified by taking absorption at
492 nm in microplate reader (Synergy Mx; BioTek), as described [8] [11] [12]. The assays were repeated for 3
to 5 times, had a similar trend, and average is taken to plot graphs. Likewise, the assays carried out for each test
sample against the biofilm of MRSA, A. baumannii, K. pneumonia and E. faecalis.

2.5. XTT Cell Viability Assay

For each assay, fresh XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) reagent
solution was prepared, and assayed as described earlier [8] [13]. In brief, after appropriate treatment or no
treatment (with plasma treated or untreated solution), the biofilms were rinsed gently thrice with PBS to remove
loosely adhered (non-biofilm) organisms, and 200 ul XTT reagent was added to each well, mixed gently, and
plate incubated at 37°C for 2 hours. The orange colored supernatant metabolic product (100 pL) was measured
by reading absorption at 492 nm using a microtiter plate reader (BioTek). The readings were normalized, and
percent surviving cells were calculated against untreated samples. The assays were carried out for each solution
against various biofilms mentioned above, and were repeated three times.
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Figure 1. A schematic diagram of non-thermal dielectric-barrier dis-
charge plasma set-up used in this study.
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2.6. Antimicrobial Activities against Planktonic Cells

To investigate the antibacterial activities of plasma-treated methionine solution, the planktonic growth of carba-
penem-resistant A. baumannii in the presence and absence of prototype plasma-treated methionine (5 mM) over
time was studied. An overnight grown CRAB culture in TSB was adjusted to an optical density at 600 nm
(ODgqo) to 0.2, and then 100 ul transferred to each well of 96-well plate, containing 100 ul of plasma-treated or
untreated methionine solution (thus final 1:1 ratio) and held at room temperature for 15 min, after which colony
count assays performed using standard serial dilution technique. The inoculated TSA plates were incubated at
37°C for 24 h and the colonies counted to calculate total number of log reduction in CFU/ml. The TSA plate
which did not show any growth was incubated for further 72 h to confirm complete inactivation.

2.7.Live/Dead Assay and Effect on Preformed Biofilms

Besides inhibition of biofilm formation in presence or absence of treated methionine, the killing/ inactivation of
bacteria in preformed biofilms by treated methionine solution was also investigated using live/dead staining [6]
[8]. In brief, biofilms (of carbapenem-resistant A. baumannii) were allowed to form in 96-well plate for 24 h by
incubating at 37°C in stationary incubator, after which the biofilms were washed thrice gently with sterile PBS,
and exposed to either plasma-treated or untreated methionine solution (5 mM) for 15 min at room temperature.
The fluid component was gently aspirated and the biofilms rinsed thrice with PBS before staining. The biofilms
were stained with Live/Dead assay kit (Life Technologies, Grand Island, NY) as per manufacturer’s direction,
and fluorescence microscopic images were taken using Fluorescence Microscope (Olympus, Shinjuku, Tokyo,
Japan), analyzed using Adobe Photoshop CS version (Adobe, Inc., San Jose, CA), and saved as TIFF files.

2.8. Statistical Analysis

Experimental data was analyzed using Prism software 4.03 for Windows (GraphPad, San Diego, CA), and stan-
dard deviations were calculated from minimum 3 sets of experiments. The experiments were repeated in tripli-
cate. The P value was derived using pair comparisons between 2 bacterial groups using Student t test and 2-way
analysis of variance for multiple comparisons wherever applicable (* indicates P value as a statistically signifi-
cant (P <0.05)). Bar represents standard deviation (SD).

3. Results and Discussion

Nonthermal nonequilibrium plasma generated at room air has been applied in various forms, and evaluated for a
range of biomedical applications [14], including clinical practice, and disinfection and sterilization [15] [16].
Inactivation of bacterial pathogens in their planktonic and biofilm forms has been demonstrated by many inves-
tigators, including our laboratory [8] where direct plasma treatment used successfully. Biofilm is a special form
of bacterial reservoir that intermittently acts as a source of infection outbreak by releasing bacterial cells, and is
more resistant to antimicrobial and biocidal agents than planktonic form counterpart, and often requires about
100 to 1000 time more antibiotics to inactivate embedded pathogens. Surface disinfectants have a major role in
eradication of biofilms in this regard. Plasma can either be applied directly to biofilm bearing surface [8] or bio-
film can be treated with plasma-treated fluids to inactivate embedded pathogens [9]. Biofilm curing or treatment
has been demonstrated using different plasma systems by many investigators [16]-[21], but not the system, set
up, and approach we used. This study explores for the first time the use of nonthermal atmospheric plas-
ma-treated solutions in inhibition of biofilm formation (in addition to treating (preformed) biofilm) with a range
of plasma-activated antibiofilm solutions.

Overall, the inhibition of biofilm formation was found plasma treatment time dependent during testing of bio-
films of MRSA, CRAB, NDML1 + K. pneumoniae and E. faecalis (Figure 2). When we increased treatment time,
we saw significantly more inhibition of biofilm production (*P < 0.05 against plasma untreated biofilms; 0
minute). This is probably due to the increasing amount of plasma energy (J/cm?) deposition in solution, and the
associated chemical changes in solution that underlie. Our earlier observation demonstrated that response of bio-
film eradication to plasma-activated fluid is exposure-time-dependent [9]. This trend was also observed during
biofilm inhibition studies. The plasma-treated methionine solution was more efficient, and significantly inhi-
bited biofilms of all the pathogens tested (Figure 2(a)) Treated threonine, treated glucose, and treated cysteine
solutions were more efficient against MRSA and E. faecalis (both Gram-positive organisms) than Gram-negative
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Figure 2. Screening of various non-thermal plasma-treated chemical solutions (a) (5 mM; predetermined) for inhibition of
MDR bacterial biofilms of methicillin-resistant S. aureus USA300, carbapenem-resistant A. baumannii, NDM1-positive K.
pneunomiae, and E. faecalis. A significant inhibition of biofilm is seen by end of plasma treatment of the solutions as com-
pared to corresponding untreated controls (0 minutes). (b) Non-thermal plasma-activated methionine concentration-depen-
dent inhibition of representative biofilms of methicillin-resistant S. aureus and carbapenem-resistant A. baumannii (*, P <
0.05; bar, SEM).

pathogens. Treated glutamine and treated glycine solutions were more effective against E. faecalis. A known
lock solution of heparin was also activated with plasma treatment, where we observed a significantly more bio-
film inhibitory activity by 1 min treated solution as compared to untreated heparin solution. Heparin is a most
popular traditional lock solution for intravenous infusion set but originally has negligible antimicrobial/antibiofilm
activity [22]-[24]. Thus, plasma-activated solutions were broad-spectrum in nature, and having a potential to
develop as antimicrobial lock solutions and biocidal agents. In addition, our pilot study demonstrated that the
doses of plasma-treated fluid required for bacterial inactivation are much lower than the doses leading to cyto-
toxicity in [25], and therefore appropriate to explore for further applications.Inhibitory concentration of plas-
ma-treated solutions that inhibited 50% of biofilm formation (ICs) was variable for different biocidal solutions,
and mostly found between plasma treatment times of 1 minute to 2 minutes.

Plasma-treated methionine solution was further tested for concentration-dependent Kinetics, as it showed an
effective inhibition of biofilms of all pathogens during preliminary study, and hence was ideal candidate. We
found 5 mM methionine as optimal concentration for inhibition of biofilms. Almost similar responses were seen
against MRSA and CRAB biofilms formation wherein the treated methionine solution (5 mM) significantly in-
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hibited biofilms as compared to plasma untreated solution (P = < 0.05) (Figure 2(b)). We speculate that the
chemical species generated during plasma treatment of such solution may be proportionally increasing to the
point that inhibits biofilm formation significantly.

Live/Dead assay is widely used to demonstrate whether cell’s membrane integrity is compromised during
cellular inactivation [8] [9] [26]. Figure 3(a) represent fluorescence microscopic images of untreated and treated
biofilms that are stained with live/dead staining (Green, live cells and red, dead cells in biofilm), and Figure 3(b)
is a percent of biofilm-embedded viable cells. Together, Figure 3 indicates that plasma-treated methionine (5
mM) reduce membrane potential and eventually breach in continuity, a significant inactivation of A. baumannii
cells in their biofilm-embedded form, and that the response is plasma-treatment dependent. This explains that
treated methionine not only inhibit biofilm formation but also inactivate MDR pathogen such as embedded
CRAB even in preformed biofilm.
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Figure 3. Live/Dead assay, showing the plasma-treatment-dependent antibiofilm activity of
plasma-activated methionine (5 mM). (a) Representative fluorescence microscopic images of
carbapenem-resistant Acinetobacter baumannii biofilm (24 h matured) responses to 0 min (i),
1 min (ii), 2 min (iii), and 3 min (iv) of plasma-treated methionine. (Scale bar, 100 um). (b) A
graph showing significant percent of inactivation of biofilm-embedded cells as compared to
control (0 min) as observed (in Figure 3(a)). Green fluorescing cells, live cells; red fluoresc-
ing cell, dead cells in biofilm (*, P < 0.05; bar, SEM).
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Figure 4. Nonthermal plasma-activated methionine-mediated inactivation of carbapenem-resistant A. baumannii (CRAB)
cells embedded in biofilms, wherein treated solution was held up (delayed) to 2 h at room temperature before exposing bio-
films. The percent biofilm-embedded surviving cells were determined by XTT cell viability assay (a) (c untreated control).
Plasma-activated methionine was able to completely inactivate planktonic CRAB cells during colony assay (b) (*, P < 0.05;
bar, SEM).

To confirm that the pathogens embedded in preformed biofilms are inactivated, we also performed XTT as-
says that measures cell viability and cellular respiration. The plasma-treated methionine solution was able to in-
activate embedded CRAB in their biofilm form. Holding of post-treated methionine for up to 2 h (before expos-
ing to bacteria) did not compromise solution’s biofilm inhibitory activity (Figure 4(a)). As observed in Figure
4(b), a complete inactivation of pathogen is possible at as low as 3 min treatment time and 15 min exposure of
planktonic pathogen to activated methionine solution. These findings resemble to our recent report wherein
plasma-treated water, PBS and N-acetyl cysteine solutions (thus chemically different solutions) were investi-
gated [9]. A plasma treatment generated certain chemical changes in terms of oxidative and nitrosative stress-
inducing species or the products thereof would be modulating pathogen’s responses of biofilm formation and
inactivation. Further studies are undertaken to chemically correlate the changes and their influence on biofilm
responses.

Biofilms are tightly linked with man’s failure to control infection, even by the strong antibiotics and biocides
that are effective against free living planktonic form of bacteria [27]. Therefore one of the major goals in the
field of healthcare is to attempt to develop new strategies and solutions which are capable of reducing and/ or
inhibiting bacterial biofilms that are difficult to eradicate. It is alarming to implement such strategies before re-
sistant clones are emerged by less effective biocides [27]. Earlier we reported that exposure to sublethal (inade-
quate) doses of plasma is likely to lead to dormancy instead of complete inactivation of planktonic bacteria [28].
Thus, like that of other biocidal agents, adequate exposure of biofilms to plasma-treated fluid is advisable. An
advantage of nonthermal plasma activated solution is that it targets number of specific cellular targets that exhi-
bits multiple physiological activities [8] [9] [26]. Therefore development of resistance against such biocidal
agent is less likely. Our preliminary data on (another plasma-treated fluid and) animal studies indicates no acute
systemic toxicity, and an excellent wound healing [25]. Further studies related to catheter-associated infection
and biofilm, wound biofilm, and host tissues and cellular responses are required to understand the detailed me-
chanisms of proposed antibiofilm solutions.

4. Conclusion

In conclusion, for the first time we correlate plasma-treated solutions with inhibition of biofilm formation. The
findings of this proof of concept study demonstrate a potential for nonthermal, normal atmospheric plas-
ma-activated solution (such as methionine solution) as broad-spectrum antibiofilm solution that can inhibit bio-
film formation on inanimate surfaces.
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