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ABSTRACT: Two stainless steels (SSs)—304 and 316L—as well as a titanium-aluminum-vanadium al-
loy (Ti6Al4V) and ultra-high-molecular-weight polyethylene (UHMWPE) are common metallic and poly-
meric materials used in medicine for various applications such as bone fracture fixation, dental and cardiac
implants, production of medical devices. Implanted materials are highly susceptible to infections that lead
may implant failure. The method used to sterilize implant materials plays an important role in the success
and performance of an implant. Mechanical properties of UHMWPE are compromised as a consequence
of gamma irradiation. Repetitive autoclaving of implants and surgical tools reduces material performance.
Also, custom orthopedic prosthesis production requires cheap, on-site, and quick sterilization procedures. In
this study we evaluated the inactivation and prevention of biofilm formation of Escherichia coli and Staphy-
lococcus aureus on UHMWPE, a Ti6Al4V, 304 SS, and 316L SS surfaces. Plasma treatment of discs was
evaluated by an XTT (2,3-bis-(methoxy-4-nitro-5-sulfophenyl)- 2H-tetrazolium-5-carboxanilide]) viability
assay, which showed that 95% of both bacterial biofilms were inactivated after 3 minutes of plasma treat-
ment. For the biofilm prevention tests, UHMWPE, Ti6Al4V, 304 SS, and 316L SS discs were first treated
with nonthermal dielectric barrier discharge plasma; then, 1-day-old biofilms of E. coli and S. aureus were
grown on the disc surfaces, and biofilm formation was similarly evaluated using an XTT assay. Plasma
treatment of implant surfaces prevents biofilm formation up to 50%. Safranin assay, which was used to
evaluate extracellular polymeric substances, also has shown that plasma treatment of UHMWPE, Ti6Al4V,
304 SS, and 316L SS discs not only inactivates biofilms but also but also disrupts extracellular polymeric
substances that are secreted by bacteria during biofilm growth.
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I. INTRODUCTION

Metals, as medical devices and implants, have been on the scene of medicine for long
time, since the first report by Lane in 1895 for bone fracture fixation. Various metallic
materials are now being used to fabricate various medical devices and implants that
are used in different parts of the body.! For example, 316L stainless steel (SS) and a
titanium-aluminum-vanadium alloy (Ti6Al4V) are used in the fabrication of cardiac
implants such as stents and artificial heart valves, orthopedic implants and total joint
prosthesis, dental implants and orthodontic wires, and artificial eardrums. In addition,
304 SS is used in the production of hand tools and trial prostheses. Ultra-high-molec-
ular-weight polyethylene (UHMWPE) is used for acetabular cups and inserts in total
knee prostheses.?
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The sterility of implants is a common concern.* Well-established sterilization
methods such as autoclaving and gamma irradiation are routinely performed to steril-
ize metallic materials. Moreover, ethylene oxide and gamma irradiation sterilization
techniques are used to sterilize UHMWPE. However, ethylene oxide sterilization leaves
toxic remnants, and gamma irradiation causes changes in the chemical and mechanical
properties of UHMWPE, which adversely affect the life span of UHMWPE implants.*
Moreover, with developing metal manufacturing methods such as sintering, it is cur-
rently possible to produce patient-specific prosthesis and implants using 3-dimensional
printing; this increases the importance of fast, onsite sterilization techniques that could
be applied shortly before implantation.®

Compromised skin during implantation surgery is considered to be a cause of im-
plant-related surgical site infection. Moreover, since the implanted prostheses and im-
plants are foreign materials, they serve as excellent surfaces for bacterial adherence and
biofilm formation, which lead to surgical site infections that reduce the performance of
implants and prostheses and increase both the healing period and health care expenses.®’

Biofilm is a group of microorganisms in which cells adhere to each other on living
and/or nonliving surfaces.”® Biofilm formation is a complex process that involves a series
of steps. Reversible adherence of planktonic cells to a surface triggers biofilm forma-
tion.’ During biofilm formation, cells secrete extracellular polymeric substances (EPSs)
whose main constituents are polysaccharides and proteins, along with relatively smaller
concentrations of nucleic acids, lipids, and other biological macromolecules. Presence
of EPSs plays a major role in the interactions between bacterial cells and with the surface
to adhere and shift bacteria into a biofilm-specific physiological state.”!® EPSs provide
structural support and increases nutrient uptake; they also act as a barrier and protect
organisms in the biofilm against common antimicrobial substances. Therefore biofilms
are up to 1000 times more resistant to antimicrobial substances, including antibiotics.
Biofilm formation on medical devices and on implant materials is a common concern
for the control and prevention of implant-related and surgical site infections.”!"> Peri-
implantitis is a common example of implant-related infection in dentistry that may lead
to bone loss at the mandible; it requires the eradication of the biofilm from the implant
surface. Mechanical techniques are mostly used for the treatment of peri-implantitis but
show limited efficiency. Thus additional biocidal methods, such as the use of antibiotics
and antiseptics, are proposed to be combined with mechanical techniques. Antibiotics
and other antiseptic agents may remain ineffective in the treatment of peri-implantitis
since it is mainly caused by resistant bacteria, similar to other implant-related and surgi-
cal site infections.™*®

Antimicrobial activity of nonthermal plasma is well known, and its effects on
various microorganisms, including bacteria, fungi, viruses, and even prions, have been
demonstrated.'*'” Not only does nonthermal plasma have antimicrobial activity, but
materials treated with nonthermal plasma, such as different liquids and gels, acquire a
strong antimicrobial activity that is effective on both the planktonic and biofilm forms
of microorganisms.'®*?° Moreover, Monetta et al.** showed that a titanium alloy treated
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with nonthermal oxygen plasma acquired antimicrobial activity, and the effect persisted
up to 16 days.

Biofilm formation on metallic and polymeric implant materials and medical devices
is a significant public health problem and causes risk for both patients and health care
providers. An effective method for inactivation and prevention of biofilm is crucial. This
study evaluates the use of atmospheric pressure, nonthermal dielectric barrier discharge
(DBD) air plasma treatment for biofilm eradication and prevention on 304 SS, 316L SS,
Ti6Al4V, and UHMWPE surfaces.

Il. MATERIALS AND METHODS

Medical-grade 304 SS, 316 SS, Ti6Al4V (grade 5 titanium), and UHMWPE rods were
generously donated by Hipokrat Medical Devices A.S. (Izmir, Turkey). The rods were
cut to discs (10 mm diameter, 3 mm thickness).

Nonthermal plasma was generated using an alternating current (AC) microsecond-
pulsed power supply (Advanced Plasma Solutions, Malvern, PA). A custom-made, rect-
angular DBD electrode was fabricated in our laboratory using a 10-mm-thick copper plate
(64 mm long, 38 mm wide). The surface of the cooper plate was covered with a tempered,
I-mm-thick glass slide (50 x 75 mm) that served as a dielectric barrier. The remainder
of the copper plate was insulated with polyethylene housing. Discs were treated with air
DBD plasma at atmospheric pressure. The discharge gap between the DBD highOvoltage
electrode and the surfaces of the discs was maintained at 2 mm (Fig. 1). The microsecond
plasma power supply was operated at a 1.5-kHz frequency, a 31-kV peak-to-peak volt-
age, and a 10-ps pulse duration, which yields a power density of 0.29 W/cm?.

First, the zone of inhibition (ZOI) was tested to evaluate whether plasma-treated
implant surfaces acquire antimicrobial activity. In this test, I mL of 107 colony-forming
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FIG. 1: Schematic of the dielectric barrier discharge plasma electrode and plasma treatment
setup. Note that the plasma discharge gap was set to 2 mm over the surface of 3-mm-thick discs.
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units (CFUs)/mL Escherichia coli suspension was spread on trypticase soy agar (TSA)
plates, and left to dry under aseptic conditions. After the bacteria suspension was dried,
discs whose surfaces had been treated with DBD plasma for 10 minutes were placed on
TSA plates and incubated overnight. Untreated discs were used as a positive control. Af-
ter 24 hours of incubation, a bacterial lawn was grown on the TSA plates; this presents
as a sticky surface and can be removed mechanically when it comes into contact with
another surface. Thus, following overnight incubation, discs were removed and plates
were incubated for an additional 24 hours to ensure that an inhibition zone was formed
by only an antimicrobial effect on the surface of the disc, rather than the mechanical
removal of bacteria during removal of the discs. After this additional 24 hours of incuba-
tion, the inhibition zone was evaluated.

The antimicrobial activity of plasma-treated disc surfaces also was evaluated with
a colony-counting assay. All experiments were performed in triplicate. Similar to the
Z0I test, discs of implant materials were treated for 10 minutes at 1.5 kHz and 31 kV. E.
coli and Staphylococcus aureus were used as model gram-negative and gram-positive
organisms, respectively. Following plasma treatment, 100 pL of 10° CFUs/mL bacterial
suspension, which yields a final bacterial number of 10* CFUs, were added to the discs
and held for 30 minutes. After 30 minutes of holding time, bacteria were serially diluted
using sterile 1X phosphate-buffered saline (PBS) and spread on the TSA plates. Plates
were incubated at 37°C overnight, and surviving colonies were counted after incubation.

Contact angles were measured using a KSV Attension Theta goniometer (Biolin
Scientific, Stockholm, Sweden). All measurements were done in triplicate. A distilled
water droplet (4 pL) was dispensed on the surfaces of plasma-treated and untreated
(control) discs. The water droplet was analyzed by the system, in which 120 measure-
ments were taken from the left and right sides of the droplet. The contact angle was
given as the mean of all measurements from the left and right sides.

Eradication of the biofilm and prevention of biofilm formation was assessed using
XTT XTT (2,3-bis-(methoxy-4-nitro-5-sulfophenyl)- 2H-tetrazolium-5-carboxanilide]
and safranin assays. All experiments were performed in triplicate. For biofilm eradica-
tion experiments, the bacterial suspension was incubated overnight in a shaker incubator
(120 rpm, 37°C). Culture (100 uL) grown overnight and 100 uL of 50% v/w glucose
solution, as a biofilm enhancer, were added to 10 mL of tryptic soy broth (TSB) to
prepare the biofilm growth medium. Each disc was made of a different implant material
(Ti6Al4V, 304 SS, 316L SS, or UHMWPE); the discs were placed into a 12-well plate,
and 1 mL of biofilm growth medium was added to each disc, then incubated for 24 hours
in a stationary incubator at 37°C. After 24 hours of biofilm growth, discs were washed
twice using 1X PBS to remove nonadherent bacteria, and each disc was treated for 1,
2, and 3 minutes with nonthermal, atmospheric DBD plasma (1.5 kHz, 31 kV). After
plasma treatment, discs were washed for once using sterile 1X PBS, then 600 pL of 0.5
mg/mL XTT was added to each disc and incubated for 4 hours at 37°C. After incuba-
tion of XTT, 100 pL of reacted XTT, which develops an orange color as the result of
cellular respiration, was transferred to a 96-well plate; absorbance was measured at 496
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nm. Untreated discs were used as a positive control. Measurement of the absorbance on
control discs was set as 100% survival, and the percentage survival of treated samples
was normalized to the control group.

During biofilm formation, cells secrete an EPS that provides an adherence medium
to enhance the structural integrity of the bacteria in the developing biofilm. In biofilm
eradication tests, safranin assay, which binds to EPSs, was used to visualize and quantify
the EPS. One-day-old biofilms were grown on the discs, as mentioned earlier. After the
growth of the biofilm, discs were washed twice using sterile 1X PBS to remove non-
adherent bacteria, then each disc was treated for 1, 2, and 3 minutes with nonthermal,
atmospheric DBD plasma (1.5 kHz, 31 kV). After plasma treatment, discs were washed
once using sterile 1X PBS; then 600 pL of 0.1% safranin was added to stain the biofilm
on the discs, and the discs were held for 30 minutes at room temperature. Afterward,
the safranin dye was removed by pipetting and the biofilms were left to dry. Once the
biofilms were dry, 450 pL of 30% acetic acid was added to dissolve the safranin dye,
and 100 pL of dissolved safranin was transferred to a 96-well plate. Absorbance was
measured at 550 nm.

For biofilm prevention experiments, discs made of different implant materials were
first treated for 10 minutes with nonthermal, atmospheric DBD plasma (1.5 kHz, 31
kV). All experiments are performed in triplicate. After plasma treatment, 1 mL of bio-
film growth medium was promptly added to the plasma-treated discs and they were
incubated at 37°C for 24 hours to evaluate 1-day-old biofilm development. After 24
hours of incubation, discs were washed twice using sterile 1X PBS, and XTT and safra-
nin assays were carried out in a similar manner as performed in the biofilm eradication
experiments.

lll. RESULTS AND DISCUSSION

In ZOI experiments, after 24 hours of incubation both plasma-treated and untreated
(control) discs were removed to inspect the ZOI. These experiments revealed the pres-
ence of ZOIs where both plasma-treated and untreated control discs were placed after
24 hours of incubation. It was thought that such an observation could be a result of the
mechanical removal of surviving bacteria in the control group. Therefore, to monitor the
inhibition zone, plates were incubated for an additional 24 hours to let surviving residual
bacteria grow after removal of both the plasma-treated and untreated (control) discs and
to ensure that the inhibition zones are not only present as a result of the mechanical re-
moval of the discs. Following the second 24 hours of incubation, bacterial growth was
observed where untreated discs were placed, and there was no bacterial growth on the
areas where plasma-treated discs were placed (Fig. 2). At this point, a question regarding
the presence of inhibition zones may arise because of the lack of oxygen where the disc
comes into contact with bacteria. However, E. coli is a facultative anaerobic bacteria and
can grow in the absence of oxygen. Therefore the presence of inhibition zones caused by
oxygen deprivation could be ruled out and might be attributed to antimicrobial activity
that was acquired by discs following plasma treatment.
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FIG. 2: Inhibition zone on where plasma-treated (A) and untreated control (B) discs were placed.
Both the control and plasma-treated discs were incubated for 24 hours. To ensure that the inhibi-
tion zone was not only created by the mechanical removal of the organism, after removal of the
discs the plates were incubated 24 hours more to let the remaining organism grow. After a total
of 48 hours of incubation, an inhibition zone where plasma-treated discs were placed (A) and
bacterial growth where untreated control discs were placed (B) was observed.

The colony-counting assay showed that surfaces of metallic implant materials treated
with plasma for 10 minutes acquire antimicrobial activity. As depicted in Fig. 3, 304 SS
showed 4-log inactivation of both E. coli and S. aureus, whereas 316L SS and Ti6Al4V
showed about 4-log and 3-log inactivation on E. coli and S. aureus, respectively. On the
other hand, the UHMWPE surface treated with plasma for 10 minutes showed 1-log
inactivation of S. aureus and less than 1-log inactivation of E. coli. Acquisition of less
antimicrobial activity by UHMWPE compared with metallic materials was attributed to
its dielectric properties. The DBD plasma discharge setup consists of two conductive
electrodes; at least one of these electrodes should be covered with a dielectric material.?
The DBD plasma discharge formation depends on several factors, including the type and
thickness of the dielectric material.? The total transferred charge for plasma formation is
proportional to the ratio of the relative permittivity to the thickness of the dielectric ma-
terial.>* When a thicker dielectric material is used to cover the surface of the electrodes,
the threshold voltage that is required for ionization of gas (or plasma formation) should
be increased.? In this study all discs were placed on a counter, grounding electrode.
Because of the lower conductivity of UHMWPE, it served as a thick dielectric material
covering the grounding electrode, while the surfaces of the metal discs served as the
counterelectrode. Thus plasma discharge generated over the UHMWPE disc was lower,
which led to less antimicrobial activity.

The antimicrobial activity of cold plasma is well known and widely reported.?® In
addition to the antimicrobial activity of cold plasma, various plasma-treated liquids such
as water, N-acetylcysteine, sodium chloride, and PBS solution can acquire antimicrobial
properties.'®?”?8 Moreover, various materials treated by plasma can attain antimicrobial
activity. Poor et al."” showed that calcium alginate gels could acquire antimicrobial ac-
tivity when treated with nonthermal plasma. This activity remains up to 21 days and is
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FIG. 3: Antimicrobial activity acquired by discs after a 10-minute treatment with nonthermal,
atmospheric dielectric barrier discharge air plasma was tested on planktonic forms of Escherich-
ia coli and Staphylococcus aureus. SS, stainless steel; UHMWPE, ultra-high-molecular-weight
polyethylene.

effective on various pathogens. Similarly, Yorsaeng et al.?® reported that latex gloves
acquire antimicrobial activity after DBD plasma treatment. In addition, Monetta et al.?!
demonstrated antimicrobial activity of grade 2 titanium after oxygen plasma treatment,
which persisted up to 16 days. Our results also suggest that various implant materials
can attain antimicrobial activity following atmospheric air, cold DBD plasma treatment,
which could be considered a novel method for the prevention of surgical site infections.

Eradication of biofilms on implant material surfaces was evaluated using XTT and
safranin assays. XTT assay results showed that 1-day-old biofilms of E. coli and S.
aureus could be effectively eradicated on 304 SS, 316L SS, Ti6Al4V, and UHMWPE
surfaces. After a 3-minute plasma treatment of all materials tested in this study, about
95% of E. coli and S. aureus biofilms were inactivated. It is interesting that there was
no significant difference in the inactivation rate of bacteria between the samples treated
with plasma for 1, 2, and 3 minutes (Fig. 4A, B). Safranin assay that is used to evaluate
the EPS secreted by biofilm-forming organisms showed that plasma treatment of E. coli
and S. aureus biofilms not only inactivates cells in the biofilm but also disrupts the bio-
film’s structural integrity. A reduction in the absorbance of safranin that was collected
from 3-minute plasma-treated surfaces was observed as an indicator of removal of the
EPS. For both E. coli and S. aureus biofilms, EPS was significantly removed, as shown
in Fig. 4C and D, respectively. Various researchers also previously reported the inac-
tivation of biofilms on inanimate surfaces using cold atmospheric plasma.?-3! Koban
et al.* evaluated the antibacterial effect on biofilms that are formed on titanium discs
as an alternative to chlorhexidine for the treatment of peri-implant mucositis. Similar
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FIG. 4: Eradication of 1-day-old Escherichia coli (A) and Staphylococcus aureus (B) biofilms
were evaluated using an XTT assay; the percentage of viability is represented. Nonthermal, at-
mospheric dielectric barrier discharge air plasma treatment inactivates up to 95% of E. coliand S.
aureus biofilms, and inactivation rates are not dependent on plasma treatment duration. A safra-
nin assay was used to monitor extracellular polymeric substances of E. coli (C) and S. aureus (D)
biofilms following 3-minute discs; this not only inactivates the organism but also disrupts the in-
tegrity of the biofilm. SS, stainless steel; UHMWPE, ultra-high-molecular-weight polyethylene.

to previous reports, our results suggest that nonthermal atmospheric plasma could be
introduced as a novel and effective method for decontaminating biofilms that form on
medical devices. Furthermore, it also can be introduced into clinical practice for the
treatment of peri-implantitis.

Contact angle measurements revealed that 10-minute plasma treatment increases
the wettability of 304 SS, 316L SS, Ti6Al4V, and UHMWPE surfaces. The contact
angle on implant surfaces before and after plasma treatment were measured as 100° + 3°
and 6° + 2° for 304 SS, 109° + 4° and 37° + 2° for 316L SS, 92° + 5° and 28° + 3° for
Ti6Al4V, and 86° £+ 5° and 21° + 2° for UHMWPE, respectively (Fig. 5).

XTT assay was also used to evaluate the prevention of E. coli and S. aureus biofilm
formation on 10-minute plasma-treated 304 SS, 316L SS, Ti6Al4V, and UHMWPE disc
surfaces. Biofilm prevention experiments showed that 10-minute plasma treatment of
discs before biofilm growth reduces E. coli biofilm formation by 64%, 56%, 27%, and
22% and S. aureus biofilm formation by 33%, 47%, 48%, and 48% on 304 SS, 316L SS,
Ti6 Al4V, and UHMWPE disc surfaces, respectively (Fig 6A, B). Moreover, similar to
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FIG. 5: Water contact angle measured on discs before and after 10-minute nonthermal, atmo-
spheric dielectric barrier discharge air plasma treatment. Plasma treatment increases the hydro-
philicity of 304 stainless steel (SS), 316L SS, Ti Al,V, and ultra-high-molecular-weight polyeth-
ylene (UHMWPE) surfaces.

XTT assay results, safranin assay also showed reduced biofilm formation of E. coli and
S. aureus on plasma-treated 304 SS, 316L SS, Ti6Al4V, and UHMWPE disc surfaces
(Fig. 6C, D). As explained previously, during biofilm formation, bacteria secrete an EPS
in which cells attach to each other and adhere to the surface. Safranin dye stains EPS a
reddish color and can be used to quantify secreted EPS during biofilm formation as an
indicator of the biofilm’s structural integrity. In other words, a darker red stain on discs
represents more intense biofilm growth. In Fig. 7, discs with no biofilm formation (the
negative control), with biofilm formation, and with no plasma treatment (the positive
control) are represented, along with discs used in the biofilm eradication and biofilm
prevention experiments. As shown in Fig. 7, the red safranin stain is substantially re-
duced on the discs that were used in the biofilm eradication and prevention experiments
for both E. coli and S. aureus. These macroscopic observations are in correlation with
the results in presented Fig. 6, which proves that plasma treatment is capable of disrupt-
ing the EPS when it is used for biofilm eradication and prevention purposes.

Safranin staining results suggest that the plasma treatment of biofilm inactivates
bacteria and removes EPSs from the biofilm during the eradication of the biofilm that
forms on the disc surface. EPS formation during biofilm growth is also prevented when
discs are treated with cold plasma before biofilm growth.

Even though hydrophobic surfaces are considered to assist bacterial cell adherence
during biofilm formation, there is no explicit consensus on the relation between the biofilm
formation capability of bacteria and the surface characteristics of materials.** However,
de Avila et al.** showed that the hydrophilicity of ultraviolet (UV)-photofunctionalized ti-
tanium surfaces increases and the bacterial adherence and biofilm formation on such sur-
faces decrease. Decreased bacterial adherence to UV-photofunctionalized surfaces was
attributed to surface modification of titanium during exposure to UV light, which leads
to increased hydrophilicity. This increase in the hydrophilicity of plasma-treated surfaces
is a well-known phenomenon and has been reported by various groups.***’ Similarly,
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FIG. 6: A 10-minute plasma treatment of 304 stainless steel (SS), 316L SS, Ti Al,V, and ultra-
high-molecular-weight polyethylene (UHMWPE) discs before biofilm growth reduces Esche-
richia coli (A) and Staphylococcus aureus (B) biofilm formation on disc surfaces. Decreased
extracellular polymeric substances of biofilms on discs, which were treated for 10 minutes with
nonthermal plasma before biofilm growth, also indicates reduced biofilm formation of E. coli (C)
and S. aureus (D).
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FIG. 7: The prevention of biofilm formation and the biofilm eradication effects of nonthermal,
atmospheric dielectric barrier discharge air plasma treatment on 304 stainless steel (SS), 316L
SS, Ti ALV, and ultra-high-molecular-weight polyethylene (UHMWPE) material surfaces were
macroscopically visualized using safranin dye, which stains extracellular polymeric substances.
Compared with discs growing a biofilm, a lower intensity of safranin dye, which was used in
biofilm eradication and prevention experiments, can be observed on the discs.
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we saw an increase in the hydrophilicity of 304 SS, 316L SS, Ti6Al4V, and UHMWPE
surfaces, and this surface modification was attributed to the prevention of biofilm forma-
tion on the tested material surfaces, similar to UV-photofunctionalized titanium surfaces.

IV. CONCLUSION

In this study we evaluated the biofilm eradication and the biofilm prevention capabilities
of nonthermal, atmospheric air DBD plasma on 304 SS, 316L SS, Ti6Al4V, and UHM-
WPE surfaces. For biofilm eradication experiments, 1-day-old biofilms of E. coli and S.
aureus were grown on implant materials and then treated with DBD plasma. As for the
prevention of biofilm formation, implant materials were first treated with DBD plasma,
then biofilms were grown on the surfaces. Our results show that DBD plasma treatment
of implant surfaces inactivates up to >95% of biofilms on the implant surfaces. More-
over, biofilm formation on DBD plasma—treated implant material surfaces was retarded
up to 50%. The effects of plasma treatment on the eradication of biofilm and on the
prevention of biofilm formation were also assessed in terms of the amount of EPS on the
implant material surfaces. Our results reveal that plasma treatment disrupts the integrity
of the biofilm during inactivation and can prevent biofilm formation. Eradication of bac-
terial biofilms on implant materials was attributed to reactive oxygen and nitrogen spe-
cies generated during plasma treatment. On the other hand, we also showed increased
hydrophilicity of implant material surfaces after DBD plasma treatment, which could be
considered as a reason for the mechanism of prevention of the biofilm formation.

In conclusion, nonthermal, atmospheric air DBD plasma can be used to decontami-
nate common implant materials. Moreover, biofilm formation could be prevented to
some extent on implant material surfaces previously treated with plasma. Therefore,
nonthermal atmospheric plasma can be considered as a novel tool for the prevention and
control of implant site infections.
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