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Biofilm Destruction by RF High-Pressure
Cold Plasma Jet

Nina Abramzon, Jonathan C. Joaquin, Jonathan Bray, and Graciela Brelles-Mariño

Abstract—Biofilms are bacterial communities embedded in a
glue-like matrix mostly composed of exopolysaccharides and a
small amount of proteins and nucleic acids. Conventional disin-
fection and sterilization methods are often ineffective with the
biofilms since microorganisms within the biofilm show different
properties from those in free planktonic life. The use of the gas
discharge plasmas is a novel alternative since the plasmas contain
a mixture of charged particles, chemically reactive species, and UV
radiation. The four-day-old single-species biofilms were produced
using Chromobacterium violaceum, a gram-negative bacterium
commonly present in soil and water. The gas discharge plasma was
produced by using an Atomflo 250 reactor (Surfx Technologies),
and the bacterial biofilms were exposed to it for different periods
of time. Our results show that a 10-min plasma treatment is able
to kill almost 100% of the cells. The results show a rapid initial
decline in the colony forming units per milliliter (phase one) that
is followed by a much slower subsequent decline (phase two) of the
D-values that are longer than the inactivation of the planktonic
organisms, suggesting a more complex inactivation mechanism for
the biofilms. Two hypotheses are offered to explain this biphasic
behavior. Optical emission spectroscopy was used to study the
plasma composition, and the role of the active species is discussed.
These results indicate the potential of plasma as an alternative way
for biofilm removal.

Index Terms—Atmospheric-pressure plasma, biofilm removal,
biofilms, sterilization.

I. INTRODUCTION

B IOFILMS are matrix-enclosed microbial communities ad-
hering to each other and/or surfaces or interfaces and

embedded in a glue-like matrix mostly composed of ex-
opolysaccharides and a small amount of proteins and nucleic
acids. The biofilms include the microbial aggregates and floc-
cules as well as the adherent populations within the pore
spaces of the porous media [1]. The formation of the biofilms
can be considered as a developmental cycle that begins when
the free-floating (planktonic) bacteria recognize a surface and
firmly attach. Subsequently, the attached cells grow and divide
and recruit additional planktonic cells that attach to the cells,
which are already on the surface. This process results in the
development of a mature biofilm in which the cells cluster in
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pillar and mushroom-like structures, with the water channels
between them forming a primitive circulatory system [2]. The
biofilms can be either beneficial or hazardous. The biofilms
established by the comensal bacteria in the gastrointestinal tract
or the biofilms that contribute to the process of bioremedia-
tion are beneficial. However, in many clinical and industrial
settings (such as lungs, teeth, catheters, heart valves, water
tanks, etc.), the biofilms represent a hazardous and costly
problem. Thus, biofilm control has become an area of intense
study [3].

Plasma sterilization was first patented by Menashi [4] in
1968, and systematic investigations of the plasma-based ster-
ilization and decontamination of microorganisms have been
carried out for a couple of decades. Different types of plasma
reactors have been used for environmental applications. Among
these are the low-pressure [5] and high-pressure plasma reac-
tors [6]–[11]. It is believed that the mechanisms, such as the
physical sputtering of the outer walls of microbes, chemical
degradation by reactive plasma species, and UV light generated
in the plasma, all contribute to the microbiocidal effects of cell
inactivation in some fashion [5]. Some of the reactive species
generated, such as O3 and the radicals NO, H2O2, O2, and
OH (depending on the type of gases used), have direct impact
on the microorganisms, especially on their outmost membranes
[6], [7], and on the cell walls. In the oxygen-based plasmas, the
deactivation of the pathogenic organisms is assumed to be due
to their slow combustion with the active species that produces
CO2 and H2O. In the absence of ion bombardment, the con-
centration of the oxygen atoms is an important parameter in the
plasma-sterilization efficiency [8].

Laroussi [9] has reviewed the various methods that are used
for the generation of the atmospheric-pressure/cold plasmas,
as well as their germicidal effects and their applications in the
area of biological decontamination. The damage to the bacterial
cells is due to the oxidation of the unsaturated fatty acids that
are part of the membrane lipids, oxidation of some amino acids,
and DNA damage [6], [10]. Despite this research, there are still
many open questions about the role of each plasma constituent,
the time scale of the disinfection process, and the synergistic
effects of the simultaneous and/or sequential action of two or
more agents.

Conventional disinfection and sterilization methods are of-
ten ineffective with the biofilms since the microorganisms
within the biofilm show different properties from those in the
free planktonic life. Several methodologies have been tested
against the bacterial biofilms, including the axially propagated
ultrasound [12] and the catalytic generation of the biocidal
species at the biofilm-substratum interface [13], [14], among
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others. The use of the gas discharge plasmas is a novel
alternative since plasmas contain a mixture of charged parti-
cles, chemically reactive species, and UV radiation. The gas
discharge plasma has been proven effective against the bacterial
biofilms [15].

In this paper, the use of the gas discharge plasma to remove
the bacterial biofilms is reported, and the role of the plasma
active species detected is discussed. Two hypotheses are pro-
posed to explain the kinetics of the process and the possible
mechanisms underlying the biofilm-forming bacteria removal.
The results indicate the potential of plasma as an alternative
way to remove the biofilms.

II. MATERIALS AND METHODS

A. Biofilm Growth and Plasma Treatment

The biofilms were produced in 96-well polystyrene micro-
plates (Nunclon ∆ Surface, Nunc) by adding 200 µL of a bac-
terial suspension of Chromobacterium violaceum CV026 [16].
The bacteria were grown overnight in TY (tryptone-yeast ex-
tract) [17] liquid broth at 28 ◦C. The microplates were incu-
bated at 28 ◦C without shaking for four days. After that period
of time, the unbound bacteria were removed by rinsing the
wells twice with 100 µL of sterile distilled water. Plates were
subjected to the gas discharge plasmas for various exposure
times (5, 10, 15, 30, and 60 min), under sterile conditions. A
control without plasma treatment (0-min exposure time) was
included. The biofilms were removed from the bottom of the
wells by a 5-min room-temperature sonication treatment in a
sonicator bath. The bacteria were suspended in 200-µL sterile
distilled water, serially diluted, and plated in duplicates on an
agarized solid TY medium. Plates were incubated at 28 ◦C
and evaluated for colony-forming-units (CFU) formation by
counting the colonies. In order to determine the decimal reduc-
tion times (D-values), shorter exposure times (0–5 min) were
carried out as indicated above.

B. Plasma Generation and Conditions

The gas discharge plasma was produced by using a commer-
cially available Atomflo 250 reactor (Surfx Technologies, CA).
This reactor is an atmospheric plasma jet [18] that consists of
two perforated rectangular plates separated by a gap 1.6-mm
across. The upper aluminum electrode is connected to a 100-W
RF power supply (13.56 MHz), and the lower electrode is
grounded. The size of the plasma showerhead is 0.63-cm wide
by 2.54-cm across. For the microbiological experiments, an
atmospheric-pressure plasma jet was generated by using an He
flow of 20.4 L/min, a secondary gas flow (N2) of 0.305 L/min,
and an input power of 4.8 W. Both gases were industrial grade.
The plasma applicator was mounted such that the showerhead
was 0.7 cm away from the biofilm.

C. Spectroscopy Studies

Gas-discharge-plasma emission-spectroscopy studies were
carried out for the different plasma conditions, such as plasma

Fig. 1. Comparison of the measured spectrum of the (0,1) band of the N2

second positive band (represented by open circles) with a model spectrum
(represented by the thick solid line) corresponding to a rotational temperature
of 325 K.

input power and N2 flow rate, and for the different dis-
tances between the plasma showerhead and the sample. The
experimental setup for these studies consisted of a 0.5−nm
resolution spectrometer in conjunction with a charge-coupled
device (CCD) detector (Ocean Optics HR-2000). The output
of the CCD detector was interfaced to a computer for data
storage and analysis. To optimize the collection of light, a fiber-
optics cable was used to focus the light from the discharge
plasma onto the entrance slit of the monochromator. The plasma
showerhead was mounted on a microstage, and the emission
spectra at different distances from the plasma reactor were
obtained.

III. RESULTS AND DISCUSSION

Fig. 1 shows the comparison of the measured spectrum of the
(0,1) band of the N2 second positive band (represented by open
circles) with a model spectrum (represented by the thick solid
line). We used the N2 emissions to determine the rotational
temperatures of the plasma species. The second positive-band
system of N2 and the first negative-band system of N+

2 are
the most frequently analyzed emission systems because the
molecular constants describing these two transitions are well
known [19]. Thus, the synthetic model spectra of these two
band systems can be calculated easily and with high accuracy,
and the rotational temperature can be determined from a fit of
the measured emission spectrum (either rotationally resolved or
unresolved) to the synthetic spectrum. The rotational tempera-
tures reflect the rotational population of the emitting species.
If the emitting species are in equilibrium with the bulk gas
in the plasma, then this temperature can be interpreted as the
gas kinetic temperature in the plasma. Using the (0,1) band
of the N2 second positive system near 357 nm, a plasma tem-
perature of 325 K was calculated. This temperature is signifi-
cantly lower than the typical autoclaving temperature (394 K).
Therefore, temperature is not responsible for the biofilm
destruction.

A typical emission spectrum using an He flow of 20.4 L/min,
a secondary gas flow (N2) of 0.305 L/min, and an input power
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Fig. 2. Emission spectrum using an He flow of 20.4 L/min, a secondary gas
flow (N2) of 0.305 L/min, and an input power of 4.8 W. (a) 200–500 nm.
(b) 200–300 nm.

of 4.8 W is shown in Fig. 2. The most prominent emission is
due to the N2 second positive band at a wavelength of 340 nm.
The characteristic features of the spectrum in the far UV are the
NO γ bands near 250 nm and an OH band around 309 nm.
The OH and NO bands were obtained due to humidity and the
impurities of the gases. These reactive species have a direct
impact on the microorganisms, especially on their outmost
membranes [6], [7], [20], and on the cell walls. OH and NO
have strong effects on the cell walls and membranes. Reac-
tions of the OH radicals are numerous because OH is very
reactive within the cell, so that it will react with most of the
biomolecules [21]. Oxidative damage to the membranes and
cell walls can arise through either lipid or protein damage.
Oxidative stress has been shown to cause peroxidation of lipids,
producing shortened fatty acids. When the fatty-acid chains be-
come shortened or gain charges, their ability to rotate within the
membrane is altered, and the membrane becomes more fluid,
losing its structural integrity [22]. Interaction of the oxygen
radicals with the proteins leads to the oxidation of several amino
acids. These alterations generally inactivate the enzymes and
can lead to their degradation. The first cell structure that these
reactive species will encounter is the cell wall, which is mostly
composed of peptidoglycan and lipopolysaccarides, in gram-
negative organisms. The second structure is the cell membrane,
which is mostly composed of a lipid bilayer that includes
unsaturated fatty acids and proteins [23]. The unsaturated fatty
acids, proteins, and amino acids from the peptidoglycan are
susceptible to attack by the OH radicals. NO adds to the
lethality of the process [24]. In summary, the presence of these
radicals can therefore compromise the function and viability
of the membrane and cell-wall lipids. The plasma conditions

Fig. 3. Relative intensity of the OH band around 309 nm as a function of the
delivered plasma power. An He flow of 20.4 L/min, a secondary gas flow (N2)
of 0.305 L/min, and the distance from the plasma reactor of 0.15 cm.

Fig. 4. Relative intensity of the OH band around 309 nm as a function of the
secondary gas flow (N2). An He flow of 20.4 L/min, delivered power of 4.8 W,
and the distance from the plasma reactor of 0.15 cm.

Fig. 5. Relative intensity of the OH band around 309 nm as a function of the
distance from the plasma showerhead. An He flow of 20.4 L/min, a secondary
gas flow (N2) of 0.305 L/min, and delivered power of 4.8 W.

chosen for the biofilm experiments were those that maximized
the OH and NO emissions and produced stable plasma. In order
to find these conditions, emission-spectroscopy experiments
were carried out. Figs. 3–5 show the relative intensity of the
OH band around 309 nm as a function of the delivered plasma
power, N2 flow rate, and distance of the showerhead from the
sample, respectively. A similar behavior was observed for the
NO bands.
Chromobacterium violaceum biofilms were almost com-

pletely removed by a 10-min plasma treatment [15]. A good
measure of the removal efficiency is the determination of the
decimal reduction time (D-value) [25], [26], which is the time
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Fig. 6. Survivor curve. Log of the number of CFU per milliliter versus the
exposure time (0–60 min). The results are the average of the three independent
experiments. Each experiment was performed in duplicates. The bars represent
the standard error of the mean.

Fig. 7. Survivor curve. Log of the number of CFU per milliliter versus the
exposure time (0–5 min). The results are the average of the three independent
experiments. Each experiment was performed in duplicates. The bars represent
the standard error of the mean.

required to reduce an original concentration of the microorgan-
isms by 90%. This parameter has been originally defined for
the thermal killing of the microorganisms by autoclaving. It
has been reported that the D-values for the plasma-treated free-
living cells and spores are in the range of 20 s to 10 min [6],
[10], [27]. Fig. 6 shows the log of the number of cells versus the
exposure time (survivor curve). The results show a rapid initial
decline in the CFU per milliliter (first phase) that is followed by
a much slower subsequent decline (second phase) of a D-value
(D2) of 37.4 ± 12.1 min that is longer than those reported for
the inactivation of the planktonic organisms, suggesting a more
complex inactivation mechanism for the biofilms. Fig. 7 shows
the survival curve for an exposure time of 0–5 min. A D-value
(D1) of 2.3 ± 0.34 min was obtained.

Other authors have reported biphasic and triphasic behaviors
for the plasma-assisted killing of the free-living microorgan-
isms and spores. A two-slope behavior, with a smaller D-value
for the shorter exposure times and a higher D-value for the
longer exposure times, was reported by Kelly-Winterberg et al.
[28] for the Staphylococcus aureus and Escherichia coli on
the polypropylene samples and by Laroussi et al. [6] for
the Pseudomonas aeruginosa in the liquid suspension. These
biphasic curves could be explained by the damage of the cell
membrane due to the plasma reactive species in the first phase.
Once the membrane is compromised, the reactive species can
easily penetrate causing a rapid cell death in the second phase.
Moisan et al. [27] reported two- and three-slope survivor curves
for the plasma-assisted spore killing. The basic process is the
DNA destruction of the spores by UV irradiation, which is

preceded by the erosion of the various materials (coats, debris,
and dead spores) covering still living spores and slowing down
the process. In our case and in analogy to the spores, the
initial rapid decline of the CFU per milliliter might be due to
the killing of the upper layers of the microorganisms easily
available and more exposed to the plasma. After this rapid
initial killing, the plasma has to penetrate the layers of cell
debris and dead cells before reaching the inner portion of
the biofilm. At this time, no experimental evidence has been
obtained in our laboratories to support this hypothesis.

Kelly-Winterberg et al. [29] and Montie et al. [10] have
reported the spectrophotometric measurement of the bacterial
extracellular media after the plasma treatment. An increase in
the absorbance at 260 nm is considered as an evidence of the
leakage of the UV absorbing molecules, such as nucleic acids
and proteins, from the cytoplasm into the extracellular fluid.
Our preliminary results in the treatment of the bacterial biofilms
with plasma for 0–5 min (data not shown) do not show an
increase in the absorbance at 260 nm, suggesting that the cell
membranes are still intact after that period of time.

The vital-dye-crystal violet has been widely used as a routine
assay to quantify the bacterial biofilms [30]. More recently,
safranin was used for the same purpose [31]. We have used
both dyes to assess the presence of the biofilms after the plasma
treatment for 0–5 min, and our preliminary results (data not
shown) indicate that we still have living cells for that interval
of time.

The colorimetric assays with the vital dyes and the spec-
trophotometric measurement of the bacterial extracellular fluid
indicate that, although the CFU counting is very low, we still
have living cells. Our hypothesis is that the plasma-assisted
biofilm removal proceeds through a first step in which the
bacterial cells might enter a viable-but-nonculturable (VBNC)
stage. This is followed by a second step, which is characterized
by a high D-value, in which the cells are actually killed. The
VBNC state is a survival mechanism of the bacteria facing the
environmental stress conditions [32]–[34]. The VBNC state has
been described for the numerous gram-negative bacteria. The
bacteria enter into this dormant state in response to one or more
environmental stresses (including oxidative stress and radicals),
which might otherwise be ultimately lethal to the cell. Changes
in the cell membrane composition have been reported for the
bacteria in the VBNC state [35]. The bacteria in the VBNC
state can still go through “resuscitation.” However, there is a
“point of no return” after which the cells cannot recover from
this stage and are thus considered dead.

In summary, our results show the potential of the plasma
as a disinfection/sterilization method for the biofilms. Further
research is being carried out in our laboratories to test the hy-
potheses proposed and get insight into the killing mechanisms
for the biofilm-forming cells.
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