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FIGURE 2 | Plasma assisted deposition on (A) 96-well microtiter plates, (B) steel coupons.

TABLE 2 | Tests with solutions containing gentamicin released from the plasma deposited steel coupon into PBS and MHB.

Suspension Planktonic cells Biofilm testing

Coupons in PBS Coupons in MHB Coupons in PBS Coupons in MHB

Bacterial suspension in PBS 50 µl 50 µl – –

Antibiotic solution 75 µl (PBS-G) 75 µl (MHB-G) 75 µl (PBS-G) 75 µl (MHB-G)

Other 75 µl MHB 75 µl PBS 75 µl MHB 125 µl PBS

50 µl PBS

Total volume in each well 200 µl 200 µl 200 µl 200 µl

PBS-G, solution containing gentamicin released from the steel coupon into PBS; MHB-G, MHB solution containing gentamicin released from the steel coupon into MHB.

Bacterial Growth and Biofilm Formation on

Antibiotic-Coated Microtiter Plates
Two hundred microliter of prepared bacterial suspension (7 log
CFU/ml) of either E. coli or P. aeruginosa in MHB were added
into the wells of plasma-treated plates with no active component
and antibiotic plasma-coated plates to consider if the plasma
coating process had any additional antimicrobial or growth
promoting effect, bacterial growth on untreated plates was also
tested. Plates were incubated at 37◦C for 24 h and the growth of
planktonic cells wasmonitored via optical densitymeasurements.
In a separate set of experiments, plates were incubated at the
same temperature for 96 h—after this time, biofilm formation
on the plates was monitored using crystal violet, XTT and plate
count assays.

Antimicrobial Efficacy of Gentamicin-Coated Steel

Coupons
Blank plasma-treated steel coupons (control) or gentamicin
plasma-coated coupons (ACP-G) were transferred into separate
sterile tubes containing 10ml of bacterial suspension (7 log
CFU/ml) in either PBS or MHB. Suspensions were further
incubated up to 24 h at 37◦C. Surviving populations of cells were
assessed at 0, 1, 2, 4, 6, and 24 h of incubation by withdrawing
0.1ml and 1ml of cell suspension from the tube followed by

plating appropriate dilutions on TSA. Growth of planktonic cells
in the presence of plasma-treated and gentamicin-plasma coated
steel coupons was compared to controls with no coupons.

Elution Tests and Stability of Gentamicin-Coated

Steel Coupons During dry Storage
The detachment of gentamicin from steel coupons, elution into
liquid supernatant and antibiotic stability was assessed over a
period of 14 days. Coupons were submerged in tubes containing
10ml of either a buffer solution (PBS) or nutrient rich medium
(MHB) (1 coupon per tube) and incubated at 37◦C up to 14
days. At each of 7 time points (days: 0, 1, 2, 4, 7, 10, and
14), two coupons from two randomly selected separate tubes
were removed and antimicrobial efficacy of the solutions against
planktonic cells and biofilms was tested. The final volume of
antibiotic eluate in both PBS and MHB solutions was 37.5% (v/v)
of the total test volume (Table 2).

To quantify the effect of these antibiotic solutions in either
PBS or MHB on planktonic cells, 2-fold dilutions were prepared
on the plates as previously described MIC procedure. Serial
dilutions were performed by pipetting 75µl of antibiotic solution
from row to row in serially decreasing concentrations (volume
of antibiotic suspension in first row −150 µl). To obtain the
same amount of nutrient rich medium (MHB) in each well,
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solutions containing gentamicin released from the steel coupons
into PBS were filled with 75 µl of MHB, whereas gentamicin-
containing MHB solutions were supplemented with 75 µl of
PBS (Table 2). Finally, 50 µl of bacterial suspensions in PBS
(2 × 106 CFU/ml) of either E. coli or P. aeruginosa were
inoculated into each well to achieve a final cell concentration
of 5 × 105 CFU/ml. Plates were incubated at 37◦C for 24 h
and the growth of planktonic cells was monitored via optical
density measurements. Additionally, to provide an insight into
the stability of antibiotic coating, antimicrobial efficacy of the
solutions containing antibiotic released from the coupons against
planktonic cells was investigated for coupons stored for 3 weeks
at 4◦C (assessed immediately after placing coupon into the
liquid—day 0).

The effect of the released antibiotic solutions in either PBS
or MHB on bacterial biofilms was also quantified. Twenty
hours biofilms were prepared as described in section Antibiotic
susceptibility of planktonic cells and biofilms. Antibiotic
solutions were added into the wells containing biofilms.
Subsequently, the wells were filled with either PBS or MHB
to obtain the same amount of MHB in each well (Table 1).
Plates were further incubated at 37◦C for 72 h (total incubation
time −96 h). Finally, the supernatant was removed, plates were
washed gently twice with PBS and biofilms air-dried were
further analyzed.

Calculation of Gentamicin Deposition Concentration
The starting solution was 50 mg/ml gentamicin in sterile water.
The flow rate for the deposition was 45 ul/min, resulting in
2.25mg entering the system per minute (0.045 ml/min ∗ 50
mg/ml). The coating time for the platform has been established
as 245 s. The platform size was 0.085m ∗ 0.125m = 106.25
cm2. Using the time required to coat the platform and the
concentration entering the system at a defined flow rate, the
concentration per layer was 9.18mg. Taking 9.18mg per 106.25
cm2, this yields 0.0864 mg/cm2. The system efficiency has
been previously calculated at 30–40%, thus yielding a range of
0.02592–0.03456 mg/cm2. For a 10mm coupon; π r2 = π 0.005
m2

= 0.7854 cm2. At 30% efficiency: 0.7854 cm2 ∗ 0.02592mg
= 0.0204mg per coupon, per layer, and at 40% efficiency:
0.7854 cm2 ∗ 0.03456mg = 0.0271mg per coupon, per layer.
Applying nine layers per coupon side yielded 0.3672–0.4878mg
of gentamicin per coupon.

Microbiological Analysis
Optical Density Measurements
Growth of planktonic cells and bacterial survivability in presence
of antibiotics was monitored by optical density (600 nm)
measurements using a micro-plate reader (Synergy HT, Biotek
Instruments Inc.) during 24 h of incubation.

Crystal Violet Assay
The crystal violet (CV) assay was used for the quantification of
bacterial biomass and was performed according to the procedure
described in Peeters et al. (2008) with minor modifications.
For fixation of the biofilms, 100 µl of 99% methanol was
added (15min), after which supernatants were removed and

the plates were air-dried. Then, 100 µl of a 0.2% CV solution
(Merck, Portugal) was added to all wells. After 20min, the
excess free CV was removed by rinsing the plates. Finally, bound
CV was released by adding 150 µl of 33% acetic acid (Sigma
Aldrich, Ireland). The absorbance was measured at 590 nm
using a microplate reader. All steps were carried out at room
temperature. Each absorbance value was corrected by subtracting
the means of absorbance of a blank (uninoculated medium).

XTT Assay
The XTT assay was used to quantify metabolic activity and was
carried out according to the procedure described in Peeters
et al. (2008). Before each assay, fresh solutions of 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-
2H-tetrazolium hydroxide (XTT, 1 mg/ml, Sigma-Aldrich
Co., Ireland) were prepared by dissolving 4mg in 10ml of
pre-warmed PBS. The solution was supplemented with 5.5mg
menadione (Sigma-Aldrich Co., Ireland) in 10ml acetone
(Sigma-Aldrich Co., Ireland). The wells containing biofilms
and negative controls (media without inocula) were filled
with sterile PBS (100 µl) and then XTT-menadione (100 µl)
was added. Plates were incubated for 5 h at 37◦C in the dark.
After incubation, the supernatant (100 µl) from each well was
transferred into the wells of a new 96-well microtiter plate and
the absorbance at 486 nm was measured. Each absorbance value
was corrected by subtracting the means of absorbance of a blank
(uninoculated medium).

Contact Angle Measurements
To investigate the changes of surface characteristics of steel
coupons after plasma deposition, the apparent contact angles of
deionized water (Sigma Aldrich, Ireland) on the steel samples
weremeasured by the sessile drop technique using a contact angle
meter (Theta Lite Optical Tensiometer, Biolin Scientific, UK).
Analysis was performed immediately after deposition of a single
droplet on the coupon surface. The images were recorded at 15
frames per second for 10 s and analyzed using the OneAttension
software (v 2.1). All the values reported are the mean of more
than 100 data points done in triplicates. The contact angle
measurements from within the wells of the 96 well microplates
were conducted using a Kruss TVA100 top view analyzer. The
analysis used a 0.5 µl drop of deionized water and measurements
were recorded 60 s after placing the drop in the well. All analysis
was conducted with the Kruss ADVANCE software package.

Fourier Transform Infra-Red (FTIR)
Spectroscopy
FTIR spectroscopy was carried out by applying the gentamicin
sulfate coatings directly onto NaCl discs. For the non-plasma
deposited sample, the solution was sprayed at a flow rate of 45
µL/min for 60 s and then allowed to dry in air. Plasma deposition
was carried out as described in section Plasma deposition of
antibiotics on microtiter plates and steel coupons using NaCl
discs as the substrate with a static deposition time of 60 s. FTIR
spectra were then collected on a Perkin Elmer Spectrum 2000
instrument operating in single beam mode using 64 scans and
a 0.5 cm−1 resolution.
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TABLE 3 | The MIC values of selected antibiotics tested against E. coli and P.

aeruginosa.

Antibiotic E. coli P. aeruginosa

MIC (µg/ml) Interpretation MIC (µg/ml) Interpretation

Ampicillin 8 S NA NA

Gentamicin 2 S 4 S

S, susceptible; NA, not applicable.

Statistical Analysis
Statistical analysis was performed by analysis of variance
(ANOVA) using IBM SPSS statistics 25 Software
(SPSS Inc., Chicago, USA) according to the method
of Fisher’s Least Significant Difference-LSD at the
0.05 level.

RESULTS

Sensitivity of E. coli and P. aeruginosa to
Selected Antibiotics—Planktonic
Susceptibility Testing and the Effect of
Antibiotics on Biofilm Formation
The susceptibility of E. coli and P. aeruginosa to selected
antibiotics was confirmed to benchmark the antibiotic
effects. The MIC values are presented in Table 3. The
interpretation of the MIC values was based on the Clinical
and Laboratory Standards Institute (CLSI) guidelines published
in annual supplement Performance Standards for Antimicrobial
Susceptibility Testing (M100-S28) (CLSIC and LSI, 2018).

The effect of selected antibiotics against 24-h-old biofilms
is shown in Figure 3, with total biofilm biomass and metabolic
activity assessed by crystal violet (CV) and XTT assays,
respectively. In general, biofilm challenges are less susceptible
to antibiotics than planktonic cells of bacteria (Hall and Mah,
2017). In the case of E. coli biofilms exposed to gentamicin,
a concentration of 8µg/ml and above significantly decreased
biomass production, whereas all tested concentrations (2–
64µg/ml) negatively affected bacterial metabolic activity
(Figure 3A). Lower concentrations of ampicillin (8 and
16µg/ml) enhanced biomass production of E. coli, whereas
concentrations of 32µg/ml and above caused a significant
decrease of metabolic activity within E. coli biofilms, but did
not affect biomass (Figure 3B). This phenomenon is not unique
to ampicillin - it has been widely reported in literature that
sublethal concentrations of antibiotics can cause metabolic and
physiological changes indicating that the organism is preparing
to withstand lethal antibiotic concentrations, which can lead to
e.g., stimulation of biofilm formation at lower doses of antibiotics
(Nguyen et al., 2014; Knudsen et al., 2016). For P. aeruginosa
biofilms treated with gentamicin, similar trends were observed
for both CV and XTT assays—a concentration of 4µg/ml and
above significantly decreased biomass production and metabolic
activity (Figure 3C).

FIGURE 3 | Effect of antibiotic concentration on bacterial biofilm formation.

(A,B) Biofilms formed by E. coli in presence of ampicillin and gentamicin,

respectively. (C) Biofilms formed by Pseudomonas aeruginosa in presence

of gentamicin. * indicates a significant difference between the corresponding

untreated control and samples treated with antibiotics (p < 0.05).

Effect of Plasma Coating Process With No
Active Component
To determine if plasma coating itself had any antimicrobial
or growth promotion effect, plasma treatment was applied to
two types of surfaces—microtiter plates and steel coupons, with
no active component included in the nebulizer stream. No
significant differences were recorded between the growth on
untreated or plasma-treated microtiter plates, monitored via
optical density measurements over 24 h. Similarly, the planktonic
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growth of E. coli and P. aeruginosa was not significantly affected
in the presence of plasma-treated coupons as compared to
controls with no coupons (data not shown).

Effect of Plasma Coating Surfaces With
Antibiotic on Microbial Growth
Microtiter Plates
The next stage of analysis was performed using microtiter plates
coated with ampicillin and gentamicin. The effect of plasma
deposited antibiotics on planktonic growth and subsequently
on biofilm formation and viability of the two challenge
microorganisms—E. coli and P. aeruginosa, was investigated.
Growth of E. coli was tested using plates coated with either
ampicillin or gentamicin, whereas growth of P. aeruginosa—with
gentamicin only. Multiple deposition layers of antibiotics (1, 3,
and 5) on the plates were compared.

No growth of planktonic cells of E. coliwas recorded after 24 h
of incubation in plates coated with either ampicillin (Figure 4A)
or gentamicin (Figure 4B). Similarly, gentamicin deposited onto
plates completely inhibited growth of P. aeruginosa (Figure 4C).
In all cases, one layer of an antibiotic was sufficient to
prevent bacterial growth. As quantifying the exact amount of
antibiotic deposited on a microtiter plate was not possible,
antimicrobial efficacy of the antibiotics deposited on the plates
were compared to calibration curves to provide an indication of
the concentration range of functional antibiotic deposited during
the process.

Plasma deposited antibiotics significantly inhibited bacterial
biofilm formation on microtiter plates (Figure 5). On plates
coated with ampicillin no biomass production was recorded
for E. coli, and metabolic activity was lower than 2% of that
observed for controls. Regardless of the number of layers of
antibiotic deposited, there was <0.5 and 0.8% of biomass
production and metabolic activity, respectively, for E. coli
biofilms grown on gentamicin coated plates. Using gentamicin-
plasma coated plates decreased P. aeruginosa metabolic activity
to <6% for all antibiotic layers tested, and completely inhibited
biomass production.

Bacterial Growth in the Presence of

Gentamicin-Plasma Coated Coupons
Plasma-deposited gentamicin on steel coupons was effective
at reducing the populations of planktonic cells of bacteria—
the antibiotic efficacy was retained after the plasma deposition
process and the antimicrobial effect was shortly apparent in the
surrounding liquid milieu of PBS or MHB.

Submerging gentamicin-coated coupons in PBS with a defined
bacterial load had an immediate antimicrobial effect. Populations
of E. coli and P. aeruginosa were reduced by 1.0 and 0.2 log10
CFU/ml (Figure 6), respectively in PBS, and by 0.7 and 1.7
log10 CFU/ml (Figure 7) in MHB. Within 4 h, 3.7 and 2.4 log10
CFU/ml reductions were achieved for E. coli and P. aeruginosa,
respectively in PBS. Cells of both strains were undetectable
from the media by 24 h (Figure 6). Antimicrobial efficacy of
gentamicin-coated coupons was more pronounced in MHB.
Within 4 h, 4.3 and 4.8 log10 CFU/ml reductions were achieved
for E. coli and P. aeruginosa, respectively. Complete inactivation

FIGURE 4 | Effect of plasma deposited antibiotics on micro-titer plates on

growth of planktonic E. coli and P. aeruginosa. (A,B) Growth of E. coli on

microtiter plates deposited with ampicillin and gentamicin, respectively. (C)

Growth of P. aeruginosa on microtiter plates deposited with gentamicin.

was achieved for E. coli and P. aeruginosa within 6 and 24 h,
respectively (Figure 7).

Elution of Gentamicin From Steel Coupons
Antibiotic detachment and elution into the surrounding liquid
was assessed to inform the stability and activity of plasma
coatings. Gentamicin-deposited coupons were submerged in
either PBS or MHB and the antimicrobial activity of aliquots of
the resulting solutions against both planktonic cells and bacterial
biofilms were tested over a period of 14 days.

Antimicrobial activity of PBS-gentamicin solution against
planktonic cells of E. coli remained unaffected for 2 days (< 1%
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FIGURE 5 | Biofilm formation of E. coli and P. aeruginosa on microtiter plates

coated with antibiotics: (A) total biomass and (B) cell viability. * indicates a

significant difference between the corresponding untreated control and

biofilms formed on microtiter plates coated with antibiotics (p < 0.05).

survivability) with a potential to be used for infection control
up to 7 days (< 25% survivability). PBS-gentamicin solution
incubated for 10 and 14 days resulted in a decrease of the
number of planktonic cells of E. coli by 20 and 30%, respectively.
Efficacy of PBS-gentamicin solution tested against P. aeruginosa
was stable for up to 7 days with <0.5% survival recorded. The
MHB-gentamicin solutions showed higher antimicrobial activity
than PBS-gentamicin solutions—with <0.5% cell survivability
for E. coli achieved up to 7 days, and <2% survival for solutions
incubated for both 10 and 14 days. Similarly, efficacy against P.
aeruginosa was retained for up to 14 days (< 1.5 % survivability).
Overall, MHB-gentamicin solution showed high activity both
against E. coli and P. aeruginosa for 14 days (Figure 8).

The potential for biofilm formation in the presence of
solutions containing gentamicin eluted from the steel coupons
into PBS and MHB was investigated. PBS solutions containing
eluted gentamicin inhibited biomass production when incubated
up to 2 days for E. coli (< 40% total biomass as compared
to control biofilms) and 1 day for P. aeruginosa (< 50%
total biomass). Using PBS-gentamicin solution eluted for 14
days promoted biomass production of P. aeruginosa. MHB-
gentamicin solutions inhibited biomass production of E. coli
by 80% up to 2 days and by 55–75% up to 14 days. MHB –
gentamicin eluted for 14 days inhibited 97% of P. aeruginosa
biomass production (Figure 9).

Stability of Gentamicin on Steel Coupons
During Dry Storage
A further interrogation of this process was to examine the
stability of plasma coated antibiotics on surfaces over time;

FIGURE 6 | Growth of planktonic cells of: (A) E. coli and (B) P. aeruginosa in

presence of plasma-treated steel coupons (control) and steel coupons

plasma-coated with gentamicin (ACP-G) submerged in PBS.

gentamicin deposited on steel coupons remained stable up to
3 weeks post plasma deposition, i.e., no growth after 24 h of
incubation was observed for planktonic cells of E. coli and P.
aeruginosa in the presence of gentamicin released into PBS and
MHB from the steel coupons stored for 3 weeks at 4◦C (data not
shown). Solutions were tested immediately upon submerging a
coupon into a liquid.

Changes of Surface Substrate
Characteristics After Plasma Deposition
It was observed that the surface of steel coupons subjected to
plasma deposition of antibiotics increased its hydrophilicity
which can be observed by a decrease of water contact
angle. After plasma deposition, water contact angle (WCA)
was decreased by ∼20% (Table 4). A reduction in the
WCA measurement was also detected on the coated
microplate samples, though the decrease was significantly
less pronounced than on the steel. This may reflect the
lower initial contact angle of the tissue culture microplate
(Table 5).

FTIR spectroscopy was also used to probe the chemistry
of the deposited materials. Coatings were deposited directly
onto sodium chloride discs using equivalent spray parameters.
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