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a b s t r a c t

Propionibacterium acnes (P. acnes) is an opportunistic gram positive pathogen which has become an
important source of various surgical implant associated infections including artificial joints, shunts, heart
valves and catheter’s infections. In addition, P. acnes can form biofilm which may enhance the compli-
cations even more. Even though it is susceptible to most of the antibiotics but still hard to remove and in
severe cases removal of device is suggested. This makes the failure of implants. These problems
prompted us to find more efficient method to sterilize these contaminations. Non-thermal plasmas
primarily generate reactive species and recently have emerged as an efficient tool for medical applica-
tions including sterilization. Therefore, in this study we evaluated the inactivation ability of two different
plasma jets, non-thermal annular plasma jet (NAPJ) and non-thermal soft plasma jet (NSPJ) for P. acnes in
planktonic state and biofilm state. And, we found that both plasma devices showed considerable inac-
tivation potential in planktonic P. acnes and P. acnes biofilms. Especially, NSPJ showed better inhibitory
effect in shorter exposer time than NAPJ which might be because of close exposure to plasma generated
reactive species. Moreover, we found that intracellular and extracellular reactive species concentrations
are correlated with plasma treatment time, which suggest their critical role in microbial inhibition.

In conclusion, our study suggests that plasma technology may also be used to overcome the biofilm
contamination problems associated with biomaterials including surgical devices.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Biofilm is a community of bacteria attached to an inert or living
surface, enclosed in self-made matrix usually consisting of poly-
saccharide and having the ability to secrete various enzymes and
virulence factors [1,2]. People may be exposed to bacteria by
medical devices during implantation and they suffer by infections
mainly because of bacterial attachment and aggregation onmedical
devices, release of their end-toxins, their tolerance to antibiotics
and compromised host body defense system [3,4].

The reduced antimicrobial susceptibility is another dilemma in
the way of sterilization and is also linked with the ability of bacteria

to develop biofilm. It is proved that biofilm is a natural survival
strategy of bacteria and serve as reservoir of infection for host.
According to national institute of health recent public announce-
ment, over 60% of all bacterial human infections are caused by
biofilms which might be the result of their inherent tolerance to
antibiotics and host body defense system [3,4].

Propionibacterium acnes (P. acnes), mainly skin inhabitant gram
positive bacteria, can be found in other body parts such as intestine,
oral cavity, external ear canal and conjunctiva of the eye [5]. This
non-spore forming, rod shaped opportunistic pathogen is well
known for skin acne but can also participate in other disorders such
as prostate inflammations, leading to wide range of complications
for example, cancer, hyperostosis, synovitis, osteitis, pustulosis,
sciatica and sarcoidosis. Moreover, it is frequently diagnosed in
postoperative infections of mouth, brain, eye, bones as well as in-
fections associated with implants [5] such as prosthetic joints
especially shoulder implants [6e8], breast device related [9,10] and
electrophysiological cardiac devices [11] including ventriculoper-
itoneal shunts and heart valves [5,12].
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In anaerobic conditions, P. acnes can survive as long as 8 months
in vitro without sub-culture [13], which represents their long time
persistence ability even in low oxidation state. In addition they can
live amongmacrophages [14] and can growwell in plasma deficient
environment inside the human body such as implants. These ad-
vantages help them in long time subsistence and make them a
powerful threat for foreign biomaterial contamination. Particularly,
the development of bacterial biofilm is one of the leading sources of
biomaterial contamination and implant associated infections [15].
It has been proved that P. acnes retain the ability to form biofilm
in vitro as well as in vivo [16,15]. P. acnes is as frequent source of
implant biomaterial contamination as Staphylococcus aureus how-
ever, dramatically under estimated previously. P. acnes showed
more antibiotic resistance particularly in biofilm than in planktonic
phase [17]. This fact has been verified, as Tunney et al. [18];
demonstrated that P. acnes can form biofilm on gentamicin-loaded
bone cement even when supplemented with antibiotics in me-
dium. The significantly reduced antimicrobial susceptibility of
biofilms, release of end-toxins, tolerance to host immune system
result in chronic and persistent severe contaminations that are
difficult to remove without surgical elimination of implants.

Non-thermal plasma has been considered as an effective
method of sterilization because of its ability to produce, radicals,
ions and reactive species important for sterilization and, for various
other reasons such as low cost, easy handling, and most impor-
tantly not leaving toxic effects after treatment. Therefore, we
accessed the efficacy of our self-designed two non-thermal
plasma’s to remove and sterilize the P. acnes and its biofilm.

2. Materials and method

2.1. Microorganism

Propionibacterium acnes KCTC 3314 was obtained from Korean
Collection for Type Culture (KCTC). Prior to experiment, the

bacterial strain was stored at �70 �C in deep freezer. For experi-
ment, the bacterial strain was grown on the reinforced culture
media (RCM; Becton, Dickinson and Company, Sparks, MD, USA) at
37 �C (5% CO2 and anaerobic conditions) for 3e5 days.

2.2. Plasma devices

Two kinds of plasma devices were used which are named as
non-thermal annular plasma jet (NAPJ) and non-thermal soft
plasma jet (NSPJ). Both were designed by our own laboratory. The
sample temperature after maximum plasma treatment used for
each plasma device was observed bellow 40 �C.

NAPJ used in this study is shown in Fig. 1(a). It mainly consists of
power supply, gas regulator and tube shaped body (124 mm in
length). This body mainly comprises of two copper electrodes (in-
ner and outer). Inner electrode is 10.2 mm in diameter, 21.4 mm in
length and it is located at distal end of inner quartz tube of 11.2 mm
diameter. Outer electrode lies on outer quartz tube (19.2 mm in
outer diameter) and form a 1.2 mm thin ring of 4.5 mm broad
copper band above the inner electrode. Argon gas is injected from
top through a small gas inlet and it flows at the rate of 1 L per
minute (lpm) between inner and outer quartz tubes and ap-
proaches down to the electrodes level. When electrodes are con-
nected to 10 mA current and 3 kV voltages, keeping 25 kHz
frequency, then plasma is generated around inner electrode.
Generated plasma cannot come in direct contact with sample
because of outer quartz tube that was extended 42.2 mm in front as
shown in Fig. 1(a). The distance between sample and device was
fixed as 3e4 mm.

The other device used in this study is NSPJ and previously
explained by our research member Kaushik et al. [19]; in detail.
Briefly, it consists of three major components called high power
voltage supply, electrodes and dielectrics as shown in Fig. 1(b). To
supply high voltage power, commercial transformer was used and
primary voltage was controlled by voltage controller. The plasma

Fig. 1. Schematic diagram of both non-thermal plasma devices. (a) Annular plasma jet (NAPJ) and, (b) non-thermal soft plasma jet (NSPJ). Argon and air was used as working gas in
NAPJ and NSPJ, respectively at the rate of 1 lpm throughout the experiment.
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