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In this study, we investigated the bacterial biofilm reduction by combined treatment of atmospheric pressure
plasma (APP) and chelating agents. Many of hospital acquired infections (HAI) are related to biofilm infections.
APP and chelating agents were reported to be effective in bacterial biofilm inactivation and eradication. It is
believed that chelating agents disrupt the biofilm formation through bonding metal ions, while APP inactivates
bacteria mainly through reactive species [1-3]. In our study, we used a surface micro-discharge (SMD) driven by
sinusoidal power input of 2 kHz and peak to peak voltage of 9kV to treat Escherichia coli (E. coli), Enterococcus
faecalis (E. faecalis), and Staphylococcus capitis (S. capitis) biofilm on 316 L stainless steel and hopkins rod lens
glass plates in combination with chelating agents of trisodium citrate (TSC), ethylenediaminetetraacetic acid
(EDTA), egtazic acid (EGTA), and alizarin. Bacterial biofilm reduction was measured by means of colony count
assay and BacTiter-Glo cell viability assay. The results of colony count assay showed that combined treatment of
EDTA and TSC with plasma has synergistic effects on all three bacterial biofilms, while EGTA only on E. coli and
none for alizarin. Experiments of BacTiter-Glo cell viability assay indicate that EDTA, EGTA, and TSC has sy-

nergistic effects on all three biofilms while also none for alizarin.

1. Introduction

APP have provided a new potential strategy for disinfection of
medical devices such as medical endoscopes [1,4,5]. Compared to
conventional moisture heat sterilization such as autoclaving and che-
mical sterilization methods, APP treatment provides disinfection with
relatively high efficiency, low gas temperature, and low cytotoxicity
[2,5,6]. APP are partially ionized gases which consist of neutral gas
atoms, neutral molecules, ions and electrons. For plasma inactivation, it
is generally believed that reactive species such as O3 or NO, which are
produced by plasma induced chemical reactions in ambient air, play a
dominant role [2].

It is noteworthy that the inactivation efficiency by plasma also
strongly depends on the bacterial state, for instance planktonic bacteria
and biofilms. Previous studies demonstrated that inactivation of bac-
terial biofilms require much longer exposure time to plasma compared
to planktonic bacteria [7-9]. Xu et al. [10] compared the sterilization
efficiency of planktonic Neisseria gonorrhoeae and biofilms, which re-
quires 12 and 20 min for sterilization, respectively. Bacterial biofilms
are bacteria attached on surfaces and embedded in an extracellular
matrix, and are considered to have much higher tolerance to environ-
mental stress [11].

* Corresponding author.

As it is estimated among all microbial and chronic infections, 65%
and 80%, respectively, are associated with biofilm formation [12-14].
Furthermore, around 1 million cases of hospital acquired infections are
related to infection of medical implants in the U.S. each year [15,16].
Accordingly, our motivation is to test the possibility to enhance biofilm
inactivation efficiency by investigating the combination treatment of
APP and chelating agents. Chelating agents, chelates, or chelators are
compounds that bond with metal ions. Earlier studies reported that
chelating agents, such as TSC, EDTA, EGTA, and alizarin, could effec-
tively prohibit the formation of biofilms [3,17-19]. It was reported that
combination of EDTA and gentamicin results in complete killing of P.
aeruginosa biofilm while less than 2 log;o inactivation for gentamicin
single treatment [3]. It has also been shown that 30% TSC could ef-
fectively prevent biofilm formation in catheter compared to conven-
tional catheter lock solution, heparin [17,19]. In general, it is supposed
that chelates prevent or disrupt biofilm formation by bonding calcium
or magnesium ions [20,21]. Therefore, in order to enhance biofilm
inactivation efficacy, in this study, we investigated the possible sy-
nergistic effects of APPs and chelating agents on bacterial biofilms.
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Fig. 1. (Left) Typical image of the SMD and (Right) Experimental schematic of the SMD. The three-layer discharge which consists of aluminum electrode, quartz

dielectric and grounded stainless steel mesh were 15 mm above the samples.

2. Materials and methods
2.1. Surface micro-discharge (SMD)

The plasma source used in this study is a surface micro-discharge
(SMD) based on the design from Max Planck Institute for
Extraterrestrial Physics (MPE) which has a dielectric barrier discharge
(DBD)-based three-layer electrode configuration (Fig. 1) [22]. The high
voltage aluminum top layer and the grounded stainless steel mesh were
separated by a 1.0 mm quartz plate as the dielectric. The mesh has a
lattice width of 2.2 mm and a lattice distance of 10 mm. The electrodes
were placed in the treatment chamber with a grip for vertical adjust-
ment. The plasma was driven by 2kHz and a peak to peak voltage of
9kV sinusoidal high voltage power input by a function generator
(HM8150, HAMEG Instruments GmbH) and an amplifier (10/40A-HS,
TREK Inc.) throughout the study. The treatment distance was fixed at
15mm and all treatments were completed under room conditions.

2.2. Biofilm growth and sample preparation

The bacteria strains applied in this study are Gram-negative E. coli
K12 (EDCC 2009), a common model bacterium, and Gram-positive E.
faecalis, (Symbioflor 1 DSM 16431 [23]), which is frequently found in
endodontic infection, and S. capitis (EDCC 5473), which is common in
infection of medical devices such as catheters [24-26]. Stationary phase
E. coli and S. capitis were stored on Luria-Bertani (LB) (Carl Roth) agar
dishes at 4 °C, while E. faecalis on Brain Heart Infusion (BHI) (Carl Roth)
agar. We prepared biofilm on sample plates with a modified microtiter
plate biofilm assay as described in earlier studies [27]. Briefly, the
biofilms were either grown on 316L stainless steel plates
(10 X 10 x 1 mm) (AISI 316, Goodfellow GmbH) or Hopkins rod lens
glass plates (D10 x 1 mm) (Fuzhou WTS Photonics Technology CO.) to
imitate the materials of a medical endoscopes for possible applications.
E. coli and E. faecalis were first incubated in LB broth at 37 °C until
reaching the concentration of approximately 10° CFU/ml, while S. ca-
pitis was grown in BHI broth at 37 °C until 10° CFU/ml. The bacteria
were incubated for 2 to 5 h and the concentration was estimated by
measuring the optical density (OD) of 600 nm with a cell density meter
(Ultrospec 10, Biochrom). Sample plates were covered with 100 ul of
the 10° CFU/ml bacteria broth and incubated for 48 h at 37 °C. For
incubation, each bacteria covered sample plate was placed in a
D50 x 5 mm sterile glass bowl, and each glass bowl was then placed in

90 mm sterile petri dish containing 6 ml of distilled water in order to
maintain a humid environment and prevent vaporization of the bacteria
medium. After 48 h of incubation in an incubator (TIN-IN35, Phoenix
Instuments), the sample plates were gently washed with distilled water
to remove suspended planktonic bacteria and dried for 20 min. The
samples immediately underwent different treatment which are de-
scribed in details in the following sections. After all treatments, the
sample plates were transferred into 10 ml glass vials containing 1 ml
distilled water. The vials were ultrasonicated (RK100H, Bandelin So-
norex) for 40 min and vortexed for 1 min to detach the biofilm from the
samples. The 1 ml sample suspensions were either examined by colony
count assay or bacteria viability assay. Colony count assay was per-
formed by serially diluting 100 pul of the sample suspension into 900 pl
of distilled water in 1000 ul Eppendorf tubes. The dilution procedure
was repeated until appropriate concentration. After vortexing the Ep-
pendorf tubes, 100 ul of the suspension was cultured after plating on
agar dishes and incubated for 16 h. We counted the CFU on agar dishes
which the CFUs were in the range of 30 to 300 and recalculated the
original concentration of the 1 ml sample solution. The viability assay
will be descripted in Section 2.5.

2.3. Combined treatment of chelating agents followed by plasma

Inactivation effects of sole chelates and combined treatment of
chelates followed by plasma (chelates + APP) were tested on all three
bacterial biofilms and on both stainless steel and glass plates. E. coli, E.
faecalis and S. capitis biofilm covered sample plates were immersed for
15 min into 10% (w/v) of TSC (Sigma-Aldrich), EDTA (Sigma-Aldrich),
EGTA (EMD Millipore Corporation), alizarin (Sigma-Aldrich), and
phosphate buffered saline (PBS, Carl Roth GmbH) as negative control.
Afterwards, the sample plates were gently washed by distilled water
and dried for 20 min. For chelates single treatment, samples were then
immediately sonicated and vortexed as described above for colony
count and viability assay, while for chelates + APP, the samples were
then treated by plasma for 5 min followed by sonication, vortexing, and
colony count assay or cell viability assay.

In addition, inactivation tests of different TSC concentrations with
and without plasma were also applied. Stainless steel samples covered
with E. coli biofilm were tested with 0%, 1%, 2%, 5%, 7.5%, 10%, and
15% of TSC followed by 5 min of plasma. Single treatment of the above
mentioned TSC concentrations were also experimented. Both tests
follow the same procedure of sole chelate and chelates + APP
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treatment as described in the previous paragraph.
2.4. Treatment of different orders

Influence of treatment order was experimented on E. coli biofilm
samples with 10% of chelating agents and APP on stainless steel plates.
For chelates + APP treatment, the procedure is the same as described in
2.3, while for plasma followed by chelate treatment (APP + chelates),
after removement of planktonic cells and drying, the samples were
immediately exposed to plasma for 5 min and immersed in chelating
agents for 15 min. Colony count assay were applied after sonication and
vortexing.

2.5. Bacteria viability assay

Bacteria viability on stainless steel plates were tested on E. coli, E.
faecalis and S. capitis biofilm samples with the 10% chelates + APP
treatment procedure by BacTiter-Glo Microbial Cell Viability Assay
(Promega GmbH). BacTiter-Glo Assay measures the viability of cells
based on the Adenosine triphosphate (ATP) presented in the solution
which indicates the metabolic activity of the cells. The experiments
were performed following the assay protocol. After all treatments, so-
nication, and vortexing, 100 pl of the liquid samples were equilibrated
with 100 pl of assay reagent in opaque 96-well plates for 5 min. The
luminescence signal generated by the reaction of the luciferase-based
reagent and ATP was recorded afterwards by a micro-plate reader
(GloMax Discover, Promega GmbH) with the integration time of 0.3 s.

2.6. Statistical analysis

All tests in this study, including viability assay and colony count
assay of different bacteria, sample materials, chelates, and treatment
orders, were repeated three times with one test sample for each test
condition per test run, and the data in the plots are presented as
mean * standard deviation (SD). Students t-test were applied by
Python SciPy Statistical Functions for analyzing treatment of chelating
agents and PBS treatment, between stainless steel and Hopkins rod lens
glass plates as well as between treatment with different orders.
Significant difference was considered when the P value was less than
0.05.

3. Results
3.1. Combination treatment of chelating agents followed by plasma

Comparison of single treatment of chelates and chelates + APP
treatment were performed on all three bacterial biofilms (Figs. 2-4).
Results showed that all of the single treatments of chelating agents did
not cause significant reduction of the biofilm. For chelate + APP
treatments, results indicate that, except alizarin and EGTA, higher in-
activation efficiency is achieved by the treatment of 10% (w/v) of
chelates + APP for all three bacteria strains, while EGTA only on Gram-
negative E. coli and alizarin for none of the three. By comparing che-
lates + APP and PBS + APP treatment on E. coli, EDTA, EGTA, and TSC
showed 1.0, 0.9, and 0.8 log;, higher inactivation, respectively. Fur-
thermore, EDTA + APP and TSC + APP increased 1.2 and 0.7 logio
reduction on E. faecalis, and 0.9 and 0.5 log;o on S. capitis compared to
PBS + APP, while no significant effects were observed on EGTA on both
strains. Alizarin + APP is the only treatment with no significant dif-
ferences compared to PBS + APP on all three bacteria. In addition,
statistically, no significant difference was found between stainless steel
and glass treatment.

3.2. Effect of TSC concentration

By changing the concentration of TSC, results show that single
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treatment of TSC with concentration lower than 5% has no significant
effects on the bacterial biofilm, while 15% single treatment leads to 1.1
log1o bacteria reduction compared to no treatment (Fig. 5). For com-
bination treatment of TSC and plasma, the most interesting result is that
although 5%, 7.5%, and 10% TSC single treatment shows no effect on
the biofilm, combined treatment induces 0.9, 1.1, and 1.3 log;o en-
hancement of inactivation rate, respectively.

3.3. Change of treatment order

By changing treatment order, generally, there were no significant
enhancement for all treatment of plasma followed by chelators
(APP + chelates) compared to APP + PBS treatment found in E. coli
biofilms (Fig. 6). By comparing chelates + APP and APP + chelates
treatment, no significant difference was found in alizarin treatment,
while a P value less than 0.1 was observed in the case of EDTA and
EGTA. Significant difference was found in TSC treatment with 0.6 logio
higher inactivation.

3.4. Bacteria viability assay

The recorded luminescence signal of the BacTiter-Glo assay in-
dicates the metabolic activity of the bacteria cells. Significant en-
hancement of inactivation was observed in all three bacteria strains by
EDTA + APP, EGTA + APP, and TSC + APP treatment (Fig. 7). Alizarin
were not applied since the strong color interfered with the lumines-
cence measured. Results of EDTA + APP treatment showed decrease of
2.5 x 10°, 1.4 x 10°, and 2.1 x 10° RLU on E. coli, E. faecalis and S.
capitis biofilm compared to PBS + APP, while 1.8 x 10°, 0.8 x 10°,
and 0.8 x 10° RLU for EGTA + APP treatment and 1.9 x 10°,
1.3 x 10°, and 1.4 x 10° RLU for TSC + APP treatment. In average,
EDTA + APP treatment has the highest efficiency followed by TSC and
EGTA.

4. Discussion

The aim of this study is to investigate the possible synergistic effects
of chelating agents and APP treatment on bacterial biofilm.
Combination of chemical solutions and APP has been shown to have
synergistic enhancement of inactivation in previous studies. Gupta et al.
[28] combined chlorhexidine (CHX) with non-thermal plasma and
showed increase of killing Pseudomonas aeruginosa biofilm. Koban et al.
[29] also found synergistic effects of APP and disinfecting agents in
dentistry on dental biofilms. On the other hand, synergistic enhance-
ment of chelating agents and antimicrobials were also observed in other
studies. By combining NaOCl and EDTA, Soares et al. [24] believes that
EDTA could disrupt biofilm structure and enhance penetration of
NaOCl. Sherertz et al. [30] reported the significant reduction of colo-
nization of Staphylococcus epidermidis, Staphylococcus aureus, and Can-
dida albicans by combining treatment of EDTA and minocycline.

In our results of colony count assay, the synergistic effects were
found in EDTA + APP, TSC + APP, EGTA + APP treatments.
EDTA + APP and TSC + APP showed significant effects on all three
biofilms, while EGTA only on E. coli. EDTA has been widely applied for
application such as DNA extraction and is one of the most used che-
lating agents. Compared to EDTA, EGTA has weaker affinity for mag-
nesium and is referred to as calcium specific chelate [31]. Earlier stu-
dies mentioned that both EDTA and EGTA causes strong detachment of
biofilms, yet EDTA has a stronger inactivation due to chelating mag-
nesium associated with the lipopolysaccharide [3,32,33]. Mulcahy
et al. [34] showed that low concentration of EDTA could promote
biofilm formation due to limitation of magnesium ions, yet they also
stated that concentration higher than 1 mM could cause lethal effects.
In our study, sole treatment of EDTA did not result in inactivation al-
though we used a relative higher concentration of 10%. One should also
keep in mind that we treated 2-days biofilm for a relative short time of
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Fig. 2. Combined treatment of 15 min of 10% chelating agents followed by 5 min of plasma on E. coli biofilm on 316 L stainless steel plates (StSt) and Hopkins rod

lens glass plates (Glass). *P < 0.05 versus PBS within the same colored columns.

15 min which is possibly not sufficient for significant inactivation. We
assume that the higher inactivation efficiency of EDTA + APP com-
pared to EGTA + APP is possibly caused by the disruption (but not
inactivation) of cell membrane or biofilm integrity by the high con-
centration of EDTA [35]. Moreover, both TSC and alizarin have relative
low cytotoxicity compared to EDTA and EGTA, while TSC are common
food additives and are already applied for hemodialysis catheter
locking [18,19,36,37]. The killing efficiency of TSC + APP are lower
than EDTA + APP, especially for E. faecalis and S. capitis which both are
around 0.4 to 0.5 log;o lower. Shanks et al. [38] demonstrated that
similar to EDTA, concentration of sodium citrate lower than 0.5% could
promote biofilm formation while higher than 0.5% could strongly in-
hibit staphylococcal biofilm formation. In the same report it was also

shown that higher concentration of citrate is required to inhibit coa-
gulase-negative staphylococci (CNS) biofilms. This is in agreement with
our results, as the inactivation of S. capitis, which is a CNS, is less ef-
fective compared to the other two strains for TSC + APP treatment. For
alizarin, earlier studies mentioned that alizarin could increase cell ag-
gregation but decrease biofilm formation, and though higher con-
centration but the relative low treatment time in our study could be the
cause of lower inactivation efficiency [18].

No significant difference between treatment on stainless steel and
hopkins rod lens were found. We choosing these two materials initially,
as we assumed that surface properties, which could affect the attach-
ment and detachment of bacteria, could potentially influence the ex-
perimental results. Rod lenses have lower hydrophobicity and surface
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Fig. 3. Combined treatment of 15 min of 10% chelating agents followed by 5 min of plasma on E. faecalis biofilm on 316 L stainless steel plates (StSt) and Hopkins rod

lens glass plates (Glass). * P < 0.05 versus PBS within the same colored columns.
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Fig. 5. Combined treatment of different concentration of TSC and plasma on E. coli biofilm on stainless steel plates. *P < 0.05 versus control samples within the same

colored columns.

roughness compared to stainless steel [39]. As no clear difference was
found, we believe that surface properties play a minor role in our in-
activation process. Furthermore, it is also worth noting that the
washing and drying process between chelating agents and plasma
treatment were rather important and necessary. We assume the reasons
are that the chelating agents applied in our study were weak alkalis and
could impact the acidification caused by plasma, which were believed
to be important in plasma inactivation of microbial, and eventually
weaken the inactivation effects [40]. In addition, it is possible that the
washing procedure could wash off detached bacteria especially after
treatment of chelates. However, after culturing the distilled water
which was applied in the washing process, no significant difference was
found compared to the PBS samples (data not shown).

Treatment order affects the results which are in agreement with
earlier studies using combined treatment of APP with other methods.
Koban et al. [29] treated dental biofilms by combining kINPen 09 with

dental disinfectants including EDTA. Their results were in agreement
with ours as higher reduction were found in the EDTA + APP treatment
compared to APP + EDTA. However, they also discovered reverse
outcome for disinfectant such as hydrogen peroxide which they
speculated that it is also possible that plasma destroyed the biofilm
matrix and increase the effectiveness of antiseptic. Gupta et al. [28] also
found a similar result as inactivation were much stronger when plasma
was treated prior to disinfectant, chlorhexidine digluconate (CHX).
They believe that APP disrupting the biofilm could enhance inactiva-
tion effects of CHX. In our case, we believe the chelating agents strongly
affected the biofilm integrity and hence improved the penetration of
APP to the bacteria cells in the extracellular matrix in the che-
lates + APP treatments. Compared to above mentioned studies, che-
lates are relatively weak in inactivation, which is also shown in our
results of chelate single treatment. This hypothesis was also mentioned
in the EDTA + APP results of [29]. In addition, one should also notice
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Fig. 6. Combined treatment of plasma and chelating agents by different treating order on E. coli biofilm on stainless steel plates.

that the plasma device used in [29] and [28] were DBD plasma jets
driven by argon and helium gas, respectively. Both long and short living
species, e.g. ozone and hydroxyl radicals, should be considered in their
cases due to the direct contact of plasma afterglow with the samples,
while, in our case, the dominant bactericidal species are long living
reactive oxygen species (ROS), particularly ozone, according to pre-
vious reports [40,41].

In summary, since APP + chelates results in a less or no inactivation
efficiency, we believe the synergistic effects of APP + chelates could
begin with a disruption of biofilm integrity by the chelation of metal
ions, which could then enhance the penetration of APP to the bacteria
embedded in the extracellular matrix. Our results could be an idea for
new treatment against hospital acquired infection related to bacterial

biofilms. Though no disinfection or sterilization achieved, the sy-
nergistic effects of chelates and plasma could create new sterilization
strategies. For instance, as TSC is already applied in catheter lock so-
lutions and APP in sterilization treatment, combination of plasma
treatment could potentially enhance efficiency of inactivation. Another
possible treatment is to combine APP and TSC on wound cleaning.
However, more studies are required as the whole procedure, especially
the washing procedure, would be difficult to apply in current practical
application and since we used in vitro 48 h monospecies biofilms, it is
also not directly comparable with mature multispecies biofilms in
natural habitats. Therefore, transferability of our results to other bac-
terial species and substances, e.g. human tissues, should also be con-
sidered carefully.
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Fig. 7. Results of combined treatment (chelates + APP) by BacTiter-Glo cell viability assay. *P < 0.05 versus PBS within the same colored columns.
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5. Conclusion

In this study, we demonstrated that combined treatment of che-
lating agents of EDTA, TSC, and EGTA with APP could enhance in-
activation effects of bacterial biofilm compared to PBS + APP treat-
ment. Results of colony count assay showed that EDTA + APP and
TSC + APP have synergistic effects on E. coli, E. faecalis, and S. capitis
biofilm, while EGTA + APP only on E. coli. Furthermore, we found that
treatment orders are rather important, as chelating agents followed by
plasma treatment shows less surviving bacteria. Last but not least, low
concentration (<5%) of TSC did not present any significant effects on
biofilms of E. coli, while interestingly, combination of 5%, 7.5%, and
10% TSC and plasma treatment appears to have around 1 log;o higher
reduction rate compared to sole TSC treatments. Considering the re-
lative low cytotoxicity of TSC, we believe combined treatment of TSC
and plasma could be a potential strategy for biofilm inactivation on
medical devices such as medical endoscopes yet more studies are re-
quired for practical application.

Acknowledgments

The work was supported by research grant of the Deutscher
Akademischer Austauschdienst (DAAD) [Funding program number:
57214224]; and Justus-Liebig-Universitit GieBen [Forderfonds
Forschung, Ideenwettbewerb zur Frauenforderung]

Conflict of interest
None.
References

[1] M. Laroussi, Nonthermal decontamination of biological media by atmospheric-
pressure plasmas: review, analysis, and prospects, IEEE Trans. Plasma Sci. 30
(2002) 1409-1415.

[2] K.-D. Weltmann, T. von Woedtke, Plasma medicine—current state of research and
medical application, Plasma Phys. Control. Fusion 59 (2017) 014031.

[3] E. Banin, K.M. Brady, E.P. Greenberg, Chelator-Induced dispersal and killing of
pseudomonas aeruginosa cells in a biofilm, Appl. Environ. Microbiol. 72 (2006)
2064-2069.

[4] H. Halfmann, N. Bibinov, J. Wunderlich, P. Awakowicz, A double inductively
coupled plasma for sterilization of medical devices, J. Phys. Appl. Phys. 40 (2007)
4145.

[5] M. Laroussi, Low-Temperature plasma jet for biomedical applications: a review,
IEEE Trans. Plasma Sci. 43 (2015) 703-712.

[6] H.W. Herrmann, I. Henins, J. Park, G.S. Selwyn, Decontamination of chemical and
biological warfare (CBW) agents using an atmospheric pressure plasma jet (APPJ),
Phys. Plasmas 6 (1999) 2284-2289.

[7] A. Mai-Prochnow, A.B. Murphy, K.M. McLean, M.G. Kong, K.K. Ostrikov,
Atmospheric pressure plasmas: infection control and bacterial responses, Int. J.
Antimicrob. Agents 43 (2014) 508-517.

[8] J.C. Joaquin, C. Kwan, N. Abramzon, K. Vandervoort, G. Brelles-Marifo, Is gas-
discharge plasma a new solution to the old problem of biofilm inactivation?
Microbiology 155 (2009) 724-732.

[9] N. Abramzon, J.C. Joaquin, J. Bray, G. Brelles-Marino, Biofilm destruction by RF
high-pressure cold plasma jet, IEEE Trans. Plasma Sci. 34 (2006) 1304-1309.

[10] L. Xu, Y. Tu, Y. Yu, M. Tan, J. Li, H. Chen, Augmented survival of neisseria go-
norrhoeae within biofilms: exposure to atmospheric pressure non-thermal plasmas,
Eur. J. Clin. Microbiol. Infect. Dis. 30 (2011) 25-31.

[11] C.A. Fux, J.W. Costerton, P.S. Stewart, P. Stoodley, Survival strategies of infectious
biofilms, Trends Microbiol. 13 (2005) 34-40.

[12] M. Jamal, W. Ahmad, S. Andleeb, F. Jalil, M. Imran, M.A. Nawaz, T. Hussain, M. Ali,
M. Rafig, M.A. Kamil, Bacterial biofilm and associated infections, J. Chin. Med.
Assoc. 81 (2018) 7-11.

[13] K. Lewis, Riddle of biofilm resistance, Antimicrob. Agents Chemother. 45 (2001)
999-1007.

[14] U. Romling, C. Balsalobre, Biofilm infections, their resilience to therapy and in-
novative treatment strategies, J. Intern. Med. 272 (2012) 541-561.

[15] M. Wenzel, The multiplicity of taxpayer identities and their implications for tax
ethics, Law Policy 29 (2007) 31-50.

[16] J.D. Bryers, Medical biofilms, Biotechnol. Bioeng. 100 (2008) 1-18.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Clinical Plasma Medicine 15 (2019) 100091

J.W. Bosma, C.E.H. Siegert, P.G.H. Peerbooms, M.C. Weijmer, Reduction of biofilm
formation with trisodium citrate in haemodialysis catheters: a randomized con-
trolled trial, Nephrol. Dial. Transplant. 25 (2010) 1213-1217.

J.-H. Lee, J. Lee, S.Y. Ryu, Y.-G. Kim, Calcium-chelating alizarin and other an-
thraquinones inhibit biofilm formation and the hemolytic activity of staphylococcus
aureus, Sci. Rep. 6 (2016) srep19267.

M.C. Weijmer, M.A. van den Dorpel, P.J.G.V. de Ven, P.M. ter Wee, J.A.C.A. van
Geelen, J.O. Groeneveld, B.C. van Jaarsveld, M.G. Koopmans, C.Y. le Poole, A.M.S.-
V. der Meer, C.E.H. Siegert, K.J.F. Stasfor the C.S. Group, Randomized, clinical trial
comparison of trisodium citrate 30% and heparin as catheter-locking solution in
hemodialysis patients, J. Am. Soc. Nephrol. 16 (2005) 2769-2777.

1. Raad, A. Buzaid, J. Rhyne, R. Hachem, R. Darouiche, H. Safar, M. Albitar,

R.J. Sherertz, Minocycline and ethylenediaminetetraacetate for the prevention of
recurrent vascular catheter infections, Clin. Infect. Dis. 25 (1997) 149-151.

A. Bach, H. Bohrer, J. Motsch, E. Martin, H.K. Geiss, H.-G. Sonntag, Prevention of
catheter-related infections by antiseptic bonding, J. Surg. Res. 55 (1993) 640-646.
G.E. Morfill, T. Shimizu, B. Steffes, H.-U. Schmidt, Nosocomial infections—a new
approach towards preventive medicine using plasmas, New J. Phys. 11 (2009)
115019.

M. Fritzenwanker, C. Kuenne, A. Billion, T. Hain, K. Zimmermann, A. Goesmann,
T. Chakraborty, E. Domann, Complete genome sequence of the probiotic en-
terococcus faecalis symbioflor 1 clone DSM 16431, Genome Announc. 1 (2013)
12-e00165.

J.A. Soares, M.A. Roque de Carvalho, S.M. Cunha Santos, R.M.C. Mendonca,

A.P. Ribeiro-Sobrinho, M. Brito-Junior, P.P. Magalhaes, M.H. Santos, L. de Macédo
Farias, Effectiveness of chemomechanical preparation with alternating use of so-
dium hypochlorite and EDTA in eliminating intracanal enterococcus faecalis bio-
film, J. Endod. 36 (2010) 894-898.

B.P.F.A. Gomes, E.T. Pinheiro, C.R. Gadé-Neto, E.L.R. Sousa, C.C.R. Ferraz,

A.A. Zaia, F.B. Teixeira, F.J. Souza-Filho, Microbiological examination of infected
dental root canals, Oral Microbiol. Immunol. 19 (2004) 71-76.

W.C.V.D. Zwet, Y.J. Debets-Ossenkopp, E. Reinders, M. Kapi, P.H.M. Savelkoul,
R.M.V. Elburg, K. Hiramatsu, C.M.J.E. Vandenbroucke-Grauls, Nosocomial spread
of a staphylococcus capitis strain with heteroresistance to vancomycin in a neonatal
intensive care unit, J. Clin. Microbiol. 40 (2002) 2520-2525.

J.H. Merritt, D.E. Kadouri, G.A. O'Toole, Growing and analyzing static biofilms,
Curr. Protoc. Microbiol. 0 1 (2005), https://doi.org/10.1002/9780471729259.
mc01b01s00 Unit-1B.1..

T.T. Gupta, S.B. Karki, J.S. Matson, D.J. Gehling, H. Ayan, Sterilization of biofilm on
a titanium surface using a combination of nonthermal plasma and chlorhexidine
digluconate, BioMed Res. Int. 2017 (2017) 1-11.

1. Koban, M.H. Geisel, B. Holtfreter, L. Jablonowski, N.-O. Hiibner, R. Matthes,

K. Masur, K.-D. Weltmann, A. Kramer, T. Kocher, Synergistic effects of nonthermal
plasma and disinfecting agents against dental biofilms in vitro, ISRN Dent. 2013
(2013) 1-10.

R.J. Sherertz, M.S. Boger, C.A. Collins, L. Mason, L.I. Raad, Comparative in vitro
efficacies of various catheter lock solutions, Antimicrob. Agents Chemother. 50
(2006) 1865-1868.

N. Oulahal, A. Martial-Gros, M. Bonneau, L.J. Blum, Combined effect of chelating
agents and ultrasound on biofilm removal from stainless steel surfaces. Application
to escherichia coli milk and staphylococcus aureus milk biofilms, Biofilms 1 (2004)
65-73.

S.L. Percival, P. Kite, K. Eastwood, R. Murga, J. Carr, M.J. Arduino, R.M. Donlan,
Tetrasodium EDTA as a novel central venous catheter lock solution against biofilm,
Infect. Control Hosp. Epidemiol. 26 (2005) 515-519.

M.H. Turakhia, K.E. Cooksey, W.G. Characklis, Influence of a calcium-specific
chelant on biofilm removal, Appl Environ. Microbiol. 46 (1983) 1236-1238.

H. Mulcahy, S. Lewenza, Magnesium limitation is an environmental trigger of the
pseudomonas aeruginosa biofilm lifestyle, PLoS One 6 (2011) e23307.

H. Mulcahy, L. Charron-Mazenod, S. Lewenza, Extracellular DNA chelates cations
and induces antibiotic resistance in pseudomonas aeruginosa biofilms, PLOS
Pathog. 4 (2008) €1000213.

CFR - Code of Federal Regulations Title 21, (n.d.). https://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfefr/CFRSearch.cfm?fr = 184.1751 (accessed April 8, 2019).
E.M. Garland, J.M. Parr, D.S. Williamson, S.M. Cohen, In vitro cytotoxicity of the
sodium, potassium and calcium salts of saccharin, sodium ascorbate, sodium citrate
and sodium chloride, Toxicol. In Vitro 3 (1989) 201-205, https://doi.org/10.1016/
0887-2333(89)90006-4.

R.M.Q. Shanks, J.L. Sargent, R.M. Martinez, M.L. Graber, G.A. O'Toole, Catheter
lock solutions influence staphylococcal biofilm formation on abiotic surfaces,
Nephrol. Dial. Transplant. 21 (2006) 2247-2255.

B. Li, B.E. Logan, Bacterial adhesion to glass and metal-oxide surfaces, Colloids Surf.
B Biointerfaces 36 (2004) 81-90.

S. Ikawa, K. Kitano, S. Hamaguchi, Effects of pH on bacterial inactivation in aqu-
eous solutions due to low-temperature atmospheric pressure plasma application,
Plasma Process. Polym. 7 (2010) 33-42.

T. Shimizu, Y. Sakiyama, D.B. Graves, J.L. Zimmermann, G.E. Morfill, The dynamics
of ozone generation and mode transition in air surface micro-discharge plasma at
atmospheric pressure, New J. Phys. 14 (2012) 103028, , https://doi.org/10.1088/
1367-2630/14/10/103028.


http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0001
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0001
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0001
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0002
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0002
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0003
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0003
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0003
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0004
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0005
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0006
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0006
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0006
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0007
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0007
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0007
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0008
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0009
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0009
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0010
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0010
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0010
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0011
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0011
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0012
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0013
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0013
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0014
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0014
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0015
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0015
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0016
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0017
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0017
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0017
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0018
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0018
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0018
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0019
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0021
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0021
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0021
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0022
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0022
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0023
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0023
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0023
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0024
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0025
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0026
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0026
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0026
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0027
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0027
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0027
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0027
https://doi.org/10.1002/9780471729259.mc01b01s00
https://doi.org/10.1002/9780471729259.mc01b01s00
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0029
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0029
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0029
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0030
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0031
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0032
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0033
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0034
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0034
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0035
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0036
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0036
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0036
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=184.1751
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=184.1751
https://doi.org/10.1016/0887-2333(89)90006-4
https://doi.org/10.1016/0887-2333(89)90006-4
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0038
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0038
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0038
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0039
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0039
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0040
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0040
http://refhub.elsevier.com/S2212-8166(18)30037-4/sbref0040
https://doi.org/10.1088/1367-2630/14/10/103028
https://doi.org/10.1088/1367-2630/14/10/103028

	Biofilm inactivation by synergistic treatment of atmospheric pressure plasma and chelating agents
	Introduction
	Materials and methods
	Surface micro-discharge (SMD)
	Biofilm growth and sample preparation
	Combined treatment of chelating agents followed by plasma
	Treatment of different orders
	Bacteria viability assay
	Statistical analysis

	Results
	Combination treatment of chelating agents followed by plasma
	Effect of TSC concentration
	Change of treatment order
	Bacteria viability assay

	Discussion
	Conclusion
	Acknowledgments
	mk:H1_18
	mk:H1_19
	References




