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Abstract
The influence of non-thermal plasma (NTP) treatment on the prevention of antibiotic resistance of microbial biofilms was
studied. Staphylococcus epidermidis and Escherichia coli bacteria and a yeast Candida albicans, grown on the surface of Ti-
6Al-4Valloy used in the manufacture of prosthetic implants, were employed. Their biofilms were exposed to NTP produced by
DC cometary discharge and subsequently treated with antibiotics commonly used for the treatment of infections caused by them:
erythromycin (ERY), polymyxin B (PMB), or amphotericin B (AMB), respectively. All biofilms displayed significant reduction
of their metabolic activity after NTP exposure, the most sensitive was S. epidermidis. The subsequent action of antibiotics caused
significant decrease in the metabolic activity of S. epidermidis and E. coli, but not C. albicans, although the area covered by
biofilm decreased in all cases. The combined effect of NTP with antibiotics was thus proved to be a promising strategy in
bacterial pathogen treatment.

Introduction

Plasma is a partially or fully ionized gas, denoted also as the
fourth state of matter. In contrast to thermal plasma at temper-
ature of thousands K, the non-thermal plasma (NTP) occurs at
nearly ambient temperature and contains low-temperature
ions and highly energetic free electrons. NTP may be easily
obtained by various electric discharges: some of them are
described in Ehlbeck et al. (2011) or Khun et al. (2018).
Plasma is widely used in many areas of human activity includ-
ing biology and medicine; its activity is mediated by reactive
particles arising from the surrounding gas, as described by
Graves (2012) or Liu et al. (2016). For the more detailed
description of plasma physics and applications, the review of
Tendero et al. (2006) or the comprehensive book of
Metelmann et al. 2018 may be recommended.

Biofilm is a complexmicrobial consortium adhered to a solid
surface and embedded within a semisolid matrix consisting
mainly of extracellular polysaccharides. These consortia exhibit
many peculiar properties, as the ability of quorum sensing or a
distinct phenotype of its components. As a rule, bacteria in bio-
film exhibit considerable resistance to antibiotics. Moreover, the
matrix protects its content from external influences as biocides
and desiccation. Biofilms exhibit not only increased resistance
to antibiotics but also to other physical and chemical agents; this
phenomenon was described and analyzed in many reports, as,
e.g., Costerton (1995), Hornemann et al. (2008), Nadell et al.
(2009), Steenackers et al. (2016), and Hall and Mah (2017).
Some of the bacteria survive in biofilm in the special life forms
of dormant or persistent cells, called also viable but non-
culturable (VBNC) cells, allowing bacteria to tolerate environ-
mental stress (Ayrapetyan et al. 2015). Biofilms are very dan-
gerous for human beings because they are often formed on
prosthetic implants or catheters, thus causing serious health
complications. Biofilm resistance makes conventional process-
ing difficult or impossible; see Hoyle and Costerton (1991),
Lewis (2001), or Stewart and Costerton (2001).

Many attempts have been reported to develop and utilize
newmethods of biofilm destruction and inactivation including
plant extracts, plant-derived oils and other natural products,
metallic nanoparticles, bacteriophages, or treatments causing
the disruption of extracellular polymeric substances. The
works of Chung and Toh (2014), Sadekuzzaman et al.
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(2015), Koo et al. (2017), or Kolouchová et al. (2018) may be
useful sources of more detailed information in this area. Some
physical methods of biofilm inactivation were proved to be
less or completely ineffective; e.g., the exposure to ultrasound
caused no reduction of viable Pseudomonas aeruginosa cells
even in combination with gentamicin (Carmen et al. 2005).
On the other hand, the NTP was used many times for this
purpose; Bourke et al. (2017), Puligundla and Mok (2017),
Gilmore et al. (2018), or Julák et al. (2018) reviewed numer-
ous attempts in this field. In addition to the 170 original arti-
cles summarized in the latter review, the following may be
mentioned: Abramzon et al. (2006), Alkawareek et al.
(2012, 2014), Pan et al. (2013), Kovalova et al. (2016).

In our previous paper, we attempted to compare the effect
of NTP on various P. aeruginosa strains and elucidate the
mechanism of observed differences (Paldrychová et al.
2019). We also described its inhibitory effect on microbial
biofilms preformed on the surface of Ti-6Al-4V alloy used
for the prosthetic implants manufacture (Vaňková et al.
2019): the viability of Escherichia coli, P. aeruginosa,
Staphylococcus epidermidis, and Candida albicans biofilms
was suppressed significantly and the biofilm re-development
from persistent cells surviving in its lower layers was
prevented. In this work, we attempted to enhance these effects
by combined effect of NTP and antibiotics, using the same
methods as in Vaňková et al. (2019).

Materials and methods

Microbiology

Test microorganisms strains were opportunistic microbial
pathogens: Gram-positive bacterium Staphylococcus
epidermidis DBM 3179, Gram-negative bacterium
Escherichia coli DBM 3125, and the yeast Candida albicans
DBM 2164, al l obtained from the Collect ion of
Microorganisms at University of Chemistry and Technology
Prague. S. epidermidis was precultivated in Tryptone Soya
Broth medium (TSB) at 37 °C, E. coli in Luria Broth medium
(LB) at 37 °C, and C. albicans in Yeast-Peptone-Dextrose
medium (YPD) at 30 °C. All microbes were cultivated for
24 h with shaking of 100 rpm. The stock media TSB and
LB were purchased from Oxoid (UK), YPD from Carl Roth
(Germany). After dissolution, their pH was adjusted to 7 by
adding of 10% NaOH or 10% H2SO4 solutions. The grown
cultures were stored in 50% glycerol stock at − 70 °C before
use.

Biofilm formation

The grown microbial suspensions were diluted in 100 mL of
appropriate cultivation medium in Erlenmeyer flasks to

absorbanceA600 = 0.600 ± 0.005. The circular Ti-6Al-4Valloy
chips of 1.5 cm in diameter (obtained from Prospon,
Czech Republic) were immersed into the appropriate suspen-
sion and incubated for 24 h at 37 °C (in the case of bacteria) or
72 h at 30 °C (in the case of C. albicans), thereby forming a
mature biofilm.

Non-thermal plasma exposure

The NTP was produced by the DC cometary discharge
described by Scholtz and Julák (2010) and Vaňková
et al. (2019); Fig. 1 shows the scheme of this source. It
consists of two needle electrodes connected to the 5 kV
power supply (UNI-T UT 513A, UNI-TREND, China).
The electrodes were arranged at an angle of 30°, their
tips were 5 mm apart, and the tip of the positive elec-
trode was shifted 1 mm above the negative one. The
insulated metallic grid was inserted between the dis-
charge and the exposed object, improving the inactiva-
tion efficiency and size of treated area (Scholtz et al.
2013). The distance of the exposed sample from positive
electrode was 30 mm and 10 mm from the insulated grid.
The cometary discharge operates in open air at a current
of 50–70 μA. Based on our preliminary experiments, the
exposure times used for NTP pretreatment before antibi-
otic addition were chosen to cause circa 50% inhibition
of metabolically active biofilm re-development; they
were 15 min for S. epidermidis, and 30 min for E. coli
and C. albicans.

Antibiotic treatment

Ti-6Al-4V chips covered with biofilm were exposed to NTP
and subsequently cultivated in the presence of antibiotic to
enhance the prevention of biofilm re-development from per-
sistent cells. The antibiotics were purchased from Sigma-
Aldrich (USA) and used at concentrations corresponding to
circa 50% inhibition of metabolically active biofilm re-devel-
opment. These concentrations were 10 mg/L of erythromycin
(ERY) used for S. epidermidis, 15 mg/L of polymyxin B
(PMB) for E. coli, and 2.5 mg/L of amphotericin B (AMB)
for C. albicans. Antibiotics were dissolved in a final volume
of 3 mL of appropriate cultivation media. Each chip covered
by biofilm was after exposure to NTP separately immersed
into sterile polypropylene samplers (height 7 cm, diameter 3
cm, volume 40 mL; P-LAB, Czech Republic) containing an-
tibiotic and cultivated under the same conditions as described
above (24 h, 100 rpm, 37 °C or 30 °C). At the end of the
cultivation, biofilm was washed three times with phosphate-
buffered saline (PBS) and its metabolic activity as well as total
biomass was determined.
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Metabolic activity of biofilm

Metabolic activity was measured using a method of Traba and
Liang (2015) as modified by Vaňková et al. (2019). This mea-
surement is based on the dehydrogenase activity of vital cells
which reduces the N′-anilino-N-[(4,5-dimethyl-1,3-thiazol-2-
yl)imino]benzenecarboximidamide (MTT) molecule to purple
formazan. The washed biofilms on the Ti-6Al-4V chips were
immersed into the solution of 227 μL of MTT (1 mg/L,
Sigma-Aldrich, USA) and 273 μL of glucose (57.4 mg/L,
Penta, Czech Republic) and incubated at 37 °C or 30 °C for
2 h. The formazan crystals formed were consequently dis-
solved in 500 μL of 40% dimethylformamide in PBS with
intensive shaking (230 rpm). A 100-μL aliquot of each sample
was then transferred into a 96-well microtiter plate, and the
color at 570 nm was measured using the spectrophotometric
Sunrise Reader (Tecan, Switzerland). All experiments were
performed in triplicate in three independent repetitions (9
measurements in total) and the results are presented as mean
values and standard deviations.

Biofilm biomass

The total biofilm biomass was determined using a method
described in detail in Vaňková et al. (2019). Briefly, the bio-
film cells on the Ti-6Al-4V chips were stained in a polypro-
pylene sampler with 1 mL of crystal violet (0.1%, Carl Roth,
Germany) for 20 min statically at room temperature. The cells
were then washed three times with the PBS and put into the
sampler with 1 mL of 96% ethanol for 10 min, which released
the crystal violet dye bound to the biofilm biomass. A 100-μL
aliquot was then transferred into a 96-well microtiter plate,
and the color was determined spectrophotometrically at 580

nm. All experiments were performed in triplicate in three in-
dependent repetitions and the results are presented as mean
values and standard deviations.

Statistical analysis

The results obtained in assays for metabolic activity of biofilm
cells and total biofilm biomass determination were compared
using one-way analysis of variance (ANOVA), and differ-
ences were considered statistically significant at the p < 0.05.

Biofilm visualization

The visualization of microbial biofilm in control samples as
well as biofilm exposed to the combination of NTP and anti-
biotic was performed by fluorescent microscopy acc. to Drago
et al. (2016). Both agents were used at conditions correspond-
ing to circa 50% inhibition of metabolically active biofilm re-
development using each agent alone. Thus, the actual condi-
tions were 15 min of NTP exposure + 10 mg/L of ERY for
S. epidermidis; 30 min of NTP exposure + 15 mg/L of PMB
for E. coli; and 30 min of NTP exposure + 2.5 mg/L of AMB
for C. albicans. After exposure, the biofilm samples on Ti-
6Al-4V chips were washed three times with the PBS and their
entire surface was then covered by 100 μL of the green fluo-
rescent dye SYTO 13 (0.00002 mg/L, 488/509 nm,
Invitrogen, USA) to stain the nucleic acids in whole biofilm
structure including the extracellular polymeric matrix. A fluo-
rescent microscope ECLIPSE E400 (Nikon Instruments
Europe B.V., Czech Republic) was used to observe and record
the appearance of the samples. The area covered by biofilm
was only semi-quantitatively estimated.

Fig. 1 Scheme of the NTP
source. Adopted from
Paldrychová et al. (2019) and
Vaňková et al. (2019)
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Results

NTP and antibiotic treatment

The effects of the 15-min NTP exposure, of ERYat 10 mg/L,
and their subsequent action (NTP + ERY) on biofilm re-
development of S. epidermidis are shown in Fig. 2. As men-
tioned under “Materials and methods,” the exposure times as
well as the concentrations of used antibiotics were chosen to
cause circa 50% inhibition of metabolically active biofilm re-
development. The results show that the metabolic activity of
re-developed biofilm after anti-biofilm agents (NTP and ERY)
action alone corresponds to this claim (46% and 47%, respec-
tively), as confirmed by ANOVA analysis (p ˂ 0.05). The
combined effect of NTP + ERY (15min + 10mg/L) decreased
the metabolic activity of S. epidermidis biofilm by 75%. The
NTP exposure reduced biofilm biomass by 32%; the exposure
to NTP and subsequent ERY treatment led to the overall sup-
pression of biofilm biomass re-development by 79%.

Figure 3 presents the decrease of metabolic activity of
E. coli biofilm to circa 50% when using NTP (30 min) or
PMB (15 mg/L) alone (55% and 49%, respectively).
However, the total biofilm biomass was reduced to 15% in
both cases. Although the exposure of E. colimature biofilm to
NTP with subsequent PMB treatment caused the significant
suppression of metabolic activity of re-developed biofilm by
88% (p ˂ 0.05), the total biofilm biomass remained the same
(15%).

The lower efficiency of the combination of NTP (30 min)
with AMB (2.5 mg/L) toward biofilm re-development was
observed in C. albicans (Fig. 4). The metabolic activity of
biofilm was decreased by 63% (by 47% when using NTP
alone and 59% when using AMB alone) and the content of

total biofilm biomass was only slightly reduced (by 54%,
NTP; by 52%, AMB; and by 64% after NTP + AMB).

Visualization of mature biofilm

The visualization of the three microbial biofilms
(S. epidermidis, E. coli, and C. albicans) using fluorescent
microscope showed that the combined action of NTP and
antibiotics caused significant decrease in the area of Ti-6Al-
4V chips covered by biofilm (Fig. 5). S. epidermidis–untreat-
ed biofilm completely covered the surface of the chip, al-
though the coverage by the biofilm cells was discontinuous
(Fig. 5a). When treated with the combination of NTP (15 min)

Fig. 2 Combined effect of non-thermal plasma (NTP) and erythromycin
(ERY) on the S. epidermidis biofilm re-development on the Ti-6Al-4V
chips. The empty columns (empty bars, left) represent metabolic activity
as assessed by MTT assay, the dark columns (shaded bars, right) express
the total biofilm mass. NTP, exposed to non-thermal plasma for 15 min;
ERY, exposed to 10 mg/L of erythromycin; NTP + ERY, subsequent
action of NTP and ERY. Control, without any treatment. Vertical lines
represent the standard deviation of measurements; statistically significant
differences against control were calculated using one-way ANOVA (*p <
0.05; ***p < 0.005; ***p < 0.0025)

Fig. 3 Combined effect of non-thermal plasma (NTP) and polymyxin B
(PMB) on theE. coli biofilm re-development on the Ti-6Al-4V chips. The
empty columns (empty bars, left) represent metabolic activity as assessed
by MTT assay, the dark columns (shaded bars, right) express the total
biofilm mass. NTP, exposed to non-thermal plasma for 30 min; PMB,
exposed to 15 mg/L of polymyxin B; NTP + PMB, subsequent action of
NTP and PMB. Control, without any treatment. Vertical lines represent
the standard deviation of measurements; statistically significant
differences against control were calculated using one-way ANOVA (*p
< 0.05; ***p < 0.005; ***p < 0.0025)

Fig. 4 Combined effect of non-thermal plasma (NTP) and amphotericin
B (AMB) on the C. albicans biofilm re-development on the Ti-6Al-4V
chips. The empty columns (empty bars, left) represent metabolic activity
as assessed by MTT assay, the dark columns (shaded bars, right) express
the total biofilm mass. NTP, exposed to non-thermal plasma for 30 min;
AMB, exposed to 2.5 mg/L of amphotericin B; NTP + AMB, subsequent
action of NTP and AMB. Control, without any treatment. Vertical lines
represent the standard deviation of measurements; statistically significant
differences against control were calculated using one-way ANOVA (*p <
0.05; ***p < 0.005; ***p < 0.0025)
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and ERY (10 mg/L), only a part of the cells remained adhered
to the surface indicating strong additive effect of such combi-
nation on the prevention of biofilm re-development of this
species (Fig. 5b).

Similar trends were observed also in the case of E. coli and
C. albicans. The control samples (Figs. 5c, e) showed that the
untreated cells formed a very thick complex biofilms in both
cases. In the case of E. coli, the treatment of mature biofilm
with the combination of NTP (30 min) with PMB (15 mg/L)
resulted in the efficient prevention of biofilm re-development
and only a small amount of cells remained adhered (Fig. 5d).

The visualization of C. albicans biofilm treated with the
combination of NTP (30 min) and AMB (2.5 mg/L) showed a
decrease in the area covered by adhered cells and slightly
weakened biofilm structure; nevertheless, the biofilm still
remained on the chip. This suggests that a longer NTP

exposure or a higher concentration of AMB might be needed
for the efficient prevention of C. albicans biofilm re-
development (Fig. 5f).

Discussion

This paper presents a pilot study of the relationship between
anti-biofilm effects of plasma and antibiotics. This relation-
ship includes many variable experimental parameters, of
which only a few could be studied in detail here.

The selected exposure times to NTP vary somewhat among
exposed species; they were chosen to meet the requirement of
the effective combination of NTP and antibiotics. If the expo-
sure times leading to complete reduction of metabolic activity
of biofilm cells during its re-development were used, it would
not be possible to recognize the additive effect of this combi-
nation. The difference between exposure times used for
S. epidermidis and the other species tested is caused by their
different sensitivity to NTP action. When using 30 min of
NTP exposure toward S. epidermidis, the metabolic activity
of its biofilm would be almost completely suppressed, as
showed in Vaňková et al. (2019).

The sensitivity of S. epidermidis biofilm to NTP, expressed
as total biomass, was lower than that of E. coli andC. albicans
in this parameter. On the other hand, both its metabolic activ-
ity and total biomass decreased significantly after the com-
bined action of NTP and ERY (by 75% and 79%, respective-
ly). E. coli biofilm shows somewhat different picture: its met-
abolic activity as well as the total biomass were reduced sig-
nificantly by action of both NTP and PMB alone. The com-
bined action of NTP and PMB did not affect total biomass, but
significantly reduced metabolic activity of E. coli biofilm.
C. albicans biofilm was remarkably reduced in metabolic ac-
tivity and total biomass by both NTP and AMB alone; the
differences between these two actions and their combination
were insignificant.

Although the combined action of NTP and antibiotics
caused significant decrease in the covered area by biofilm in
all microorganisms, it seems that S. epidermidis biofilm re-
development was prevented to a highest degree. However, the
differences in the Ti-6Al-4V surface coverage seem to be in-
significant between organisms.

The sensitivity of microbes in biofilm to the action of NTP
and subsequent antibiotic treatment has been found to be rel-
atively variable for various microbial species. The combined
action of NTP and antibiotic was proved useful in the case of
S. epidermidis, in lesser extent also in E. coli, but it was neg-
ligible in the case of C. albicans. Acc. to Scholtz et al. (2010),
planktonic Gram-positive bacteria are generally more sensi-
tive to plasma produced by corona discharge than Gram-
negative ones; yeast is much less sensitive. However, when
using plasma jet, Gram-negative bacteria were somewhat

Fig. 5 Fluorescent microscopy of biofilms on Ti-6Al-4V and their
appearance after combined NTP and antibiotic treatment. Visualized by
SYTO 13 staining, the scale bars represent 50 μm. Left column (pictures
a, c, and e): controls without treatment. b S. epidermidis biofilm after
action of NTP for 15min, then 10mg/L of erythromycin. d E. coli biofilm
after action of NTP for 30 min, then 15 mg/L of polymyxin B. f
C. albicans biofilm after action of NTP for 30 min, then 2.5 mg/L of
amphotericin B
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more sensitive (Daeschlein 2018). Therefore, it appears that
the inactivation process takes place by different mechanisms
depending on the nature of the source used.

Apart from the mechanism of action of NTP exposure in
general, which acts via creation of reactive oxygen or nitrogen
species causing oxidative stress to recipient cell, the effect of
antibiotics when combined with NTP must be considered. We
have to admit that we are unable to explain with certainty the
mechanism of ongoing processes, but we presume that the
ERY-resistant staphylococcus is damaged by NTP pretreat-
ment and thus becomes sensitive to this antibiotic. ERY stands
for common bacteriostatic drug acting via proteosynthesis in-
hibition (Retsema and Fu 2001; Abu-Gharbieh et al. 2004).
Such action is often stopped by efflux pumps expression,
which disable ERY uptake by the cells expressing resistance
genes. Although ERY would not be able to enter these cells,
the NTP exposure possibly disrupts the cell surface, which
facilitates ERY uptake. The intake of this drug leads to the
inhibition of cell viable processes which slow the cell reaction
to its damage and eventually leads to death (Chakraborti et al.
2019).We believe that the combination of NTP and antibiotics
is additive in the case of S. epidermidis (ERY), perhaps also in
E. coli (PMB), and neutral inC. albicans (AMB). As for PMB
and AMB, the proposed explanation of combinatory action of
both antibiotics with NTP pretreatment is not seemingly this
easy (Zavascki et al. 2007). As both antibiotics act as cell
membrane intercalating substances, their mode of action is
very similar to those of NTP exposure, which creates radicals
from carrier gas (Guo et al. 2015). The NTP pretreatment
might probably boost the intercalation of either drug into the
membrane, accelerate the cell lysis, and lead to cell death
(Chakraborti et al. 2019).

The combined action of NTP and antibiotic was studied
here in the consecutive arrangement, i.e., the antibiotic was
applied after the direct NTP exposure. The simultaneous ac-
tion of these agents may be more effective, but it seems to be
impossible to perform appropriate experiments due to the deg-
radation of antibiotics by direct NTP action, as described by
Sarangapani et al. (2019).

Conclusion

The anti-biofilm activity of NTP was confirmed against
biofilms of S. epidermidis, E. coli, and C. albicans.
Significant differences between microorganisms were ob-
served: in the case of ERY-resistant S. epidermidis, the pre-
liminary exposure to NTP reduced this resistance. The prelim-
inary action of NTP prior antibiotic treatment was less effec-
tive in the case of E. coli and has negligible effect in the case
of C. albicans. To generalize these findings, we assume future
studies on a broader set of microbial strains.
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