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Abstract

Bacterial infection of chronic wounds is a major healthcare problem that affects the

quality of life of millions of patients worldwide and leads to a substantial healthcare

cost burden. This project focused on the manufacture of a potential wound healing

agent. Plasma polymers from oregano secondary metabolites (PP‐OSMs) were

fabricated by radiofrequency plasma‐enhanced chemical vapor deposition (RF‐
PECVD) in continuous and pulse plasma modes at room temperature. The surface,

biocompatibility, and antibacterial properties of the PP‐OSMs were investigated.

Polymers fabricated by RF‐PECVD retained the functional groups of OSMs,

promoted human dermal fibroblast adhesion, inhibited Staphylococcus aureus

attachment, and eliminated

Pseudomonas aeruginosa. The

PP‐OSM coatings are potential

candidates for use in medical

applications where cell bio-

compatibility and antibacterial

properties are required.
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1 | INTRODUCTION

Chronic wounds are a major issue that impacts the
quality of life of 2% of the world's population[1] and
places a huge burden on healthcare systems.[2–4] In
Australia alone, chronic wound care costs more than
AUD 3 billion per year and chronic wounds affect nearly
half a million people.[5] Approximately, 50 000 Austra-
lians suffer from diabetic foot ulcers, whereas 300 000 are
at risk of developing diabetic foot ulcers.[6] Diabetes‐
related chronic wounds frequently become infected,
which impairs healing and can lead to major amputation
and death.[7]

Plasma technology is being investigated as a novel
method to fabricate wound healing materials such as
plant secondary metabolites (PSMs), which have been
reported to have antibacterial properties.[8–14] The
antibacterial properties of PSMs are believed to result
from incorporated monoterpenes inhibiting ATP genera-
tion, blocking ion transport, and disrupting cytoplasmic
membranes of bacteria.[15–18]

One approach to coating PSMs on wound dressings is
the use of radiofrequency plasma‐enhanced chemical
vapor deposition (RF‐PECVD).[19] Plasma polymers (PP)
from PSMs are formed by atoms, positive and negative
ions, free and non‐free radicals, and metastables,
colliding in the plasma phase amongst themselves, intact
precursor (PSMs), and the polymer coating. During this
process, PSM molecules are partially or fully fragmented,
reconstituted, and deposited on surfaces as highly
crosslinked polymeric coatings.[20] The advantage of this
technique is the capability to adjust the polymerization
parameters to tune the final properties of the resulting
polymeric surface. The RF‐PECVD can be optimized to
retain PSM functional groups in coatings deposited on
different substrates to provide flexibility of application.

Previous studies have reported the use of terpinen‐4‐ol
(T4), a major constituent of tea tree oil, as a PSM precursor
to fabricate PP coatings.[21] Further, the antibacterial
properties of T4 plasma films have been explored. Bazaka
et al.[22] have fabricated antibacterial plasma films from T4
using a continuous plasma (CP) power of 10 and 25W.
The main difference between both polymers was the
antibacterial response against Staphylococcus aureus and
Pseudomonas aeruginosa. In the case of the polyterpenol
films fabricated at 10W, inhibition of bacterial adhesion
was achieved by the preservation of functionalities of T4
during fabrication at low deposition power. Films
fabricated at 25W showed higher bacterial adhesion
when compared to control and films fabricated at 10W.
This could be associated with the modification and
recombination of T4 functional groups that promote
bacterial adhesion instead of inhibition.[22]

In another study, Kumar et al.[23] developed coatings
from T4 using plasma polymer (PP) polymerization. The
polymerization conditions were 10W and duty cycle
(DC) 40 at 500 Hz. The antibacterial properties of these
polymers were tested against P. aeruginosa. The polymers
fabricated in this study were hydrophobic and promoted
P. aeruginosa attachment; however, this pathogen was
unable to survive after 24 h of contact with the T4 surface
due to the retention of bactericidal molecules of the
monomer.[23]

T4 polymers were fabricated and doped with ZnO
nanoparticles using CP at 10W, with and without oxygen
(T4oxy) and argon carriers (T4arg). T4oxy and T4 + ZnO
inhibited Escherichia coli adhesion. However, the anti-
bacterial properties of the films did not change much
with the addition of ZnO nanoparticles when compared
to T4oxy.

[24] These results suggest that the contribution to
bacterial inhibition is associated with the nature of T4
and the retention of its functional groups.

Pegalajar‐Jurado et al.[25] fabricated films using a
minor component of tea tree oil, 1,8‐cineole, using
plasma polymerization at 20W. The obtained film was
a moderate hydrophilic surface with roughness <1 nm.
The antibacterial properties of the 1,8 cineole were
retained in the PPs, showing inhibition of 64% against S.
aureus and 98% against E. coli when compared to the
control sample. A preliminary study on the bio-
compatibility of these films was also carried out. The
1,8 cineole films did not have cytotoxicity to fibroblasts
and inhibited their adhesion to the polymeric matrix
surface.[25]

Monomers of geranium essential oil were fabricated
as continuous plasma films at a range of deposition
power levels from 10 to 100W.[26] The antibacterial
properties of the created films reduced as the deposition
power used increased, as a result of monomer fragmen-
tation. At high deposition power, the functional groups
defragment to a greater degree than at low power levels;
thus, the inherent properties of the monomer are difficult
to retain.

Oregano (Origanum vulgaris) is a popular herb widely
used in Mediterranean and Latin American cuisines.
Ancient civilizations not only used this herb to spice up
their foods but also used it for treatment of respiratory
infections, skin conditions, and digestive disorders.
Oregano secondary metabolites (OSMs) are volatile
molecules expelled by Origanum vulgaris that are
believed to be responsible for the health benefits of
oregano.[27–31] Antimicrobial activities of oregano have
been attributed to its content of phenolic monoterpene
carvacrol (CR). The different constituents of oregano oil
can vary significantly. However, depending on the origin
of the oregano species, the content of CR could be up to
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approximately 90%.[32,33] CR affects bacterial membrane
permeability, causing leakage of Na+ and K+, inhibition
of intracellular enzyme activity, and irreparable damage
in bacteria.[15]

Previous studies have examined the wound healing
properties of oregano, but there has been no previous
report of using RF‐PECVD to fabricate OSMs.[34] The aim
of this study was to fabricate PPs from OSMs with
potential application as antibacterial surfaces for wound
healing applications. We fabricated PP‐OSMs using
RF‐PECVD in continuous and pulse modes. The reten-
tion of the functional groups of oregano in PP‐OSMs was
confirmed using Fourier transformed infrared spectros-
copy (FTIR). Thickness, homogeneity, and hydrophilic
properties were determined by ellipsometry, atomic force
microscopy (AFM), and sessile drop water contact angle
measurements, respectively. Leaching of the PP‐OSM
surface, as well as changes in the pH, were observed after
submerging in water for 24 h. The antibacterial propert-
ies of the PP‐OSMs were evaluated against P. aeruginosa
and S. aureus. These bacteria were selected due to
their high prevalence in diabetes‐related wound
infection.[35,36] Cell viability, cytotoxicity, and adhesion
were evaluated in vitro using human dermal fibro-
blasts (HDFs).

2 | EXPERIMENTAL SECTION

2.1 | Fabrication of plasma films and
chemical composition

PP‐OSMs were fabricated on glass (76 mm× 26mm) and
borosilicate (diameter 6 mm) substrates. The substrates
were sonicated for 5 minutes in propan‐2‐ol and then
rinsed and sonicated with distilled water for 5 min.
Afterward, the samples were air‐dried. The substrates
were introduced into an RF‐PECVD plasma reactor,
which consisted of a horizontally positioned tube
chamber (l: 90 cm, d: 5 cm) with a rotary vacuum pump
and a monomer inlet at each end. The rotary vacuum
pump maintained the chamber at a pressure of
300mTorr. Two copper electrodes were positioned at
the middle of the tube chamber separated by 7 cm.
During each experiment, the substrates were placed at
the center between the electrodes. Both electrodes were
coupled to a radiofrequency (RF) generator (ACG‐3B;
MKS Instrument). Two hundred microliters of Oregano
essential oil (OEO) was placed in a Florence flask to feed
the plasma reactor; the flow rate of the monomer was
controlled with a vacuum stopcock. The deposition of the
film was performed using CP and PP (DC of 50% and
500 Hz) modes at 50W for 10min.

2.2 | Chemical characterization

FTIR (Perkinelmer Inc.) was used to confirm the retention
of Oregano functional groups in the PP‐OSMs. For this
purpose, FTIR was used in the attenuated total reflection
(ATR) mode.

2.3 | Thickness and roughness

The thickness and topography of CP50W and PP50W
were estimated using Variable Angle Spectroscopic
Ellipsometry (JA Woollam‐M200 D) at 55°, 60°, and
65°. Data acquisition parameters were standard and high
accuracy modes. The 25 points of measurement were
situated in a polar grid mesh starting from the center and
forming the circle every 30°. A graded layer model
(#slices = 5) consisting of a glass substrate layer and a
B‐spline were applied to the data within the 400–1000 nm
region, where the film is optically transparent. Mean
squared error lower than 1 was used in these analyses.
The surface roughness of PP‐OSMs was determined
using an AFM (NT‐MD) in the semicontact mode. The
examination was carried out at room temperature, and
the scanned area of the three‐dimensional images was
9 μm2. Three samples of each condition were measured; a
minimum of three spots of 3 × 3 μm was analyzed.

2.4 | Wettability

Hydrophobic or hydrophilic properties in CP50W and
PP50W could be determined from a contact angle test
using a KSV CAM 101 optical apparatus. It has been
reported that the wettability properties are related to the
chemical composition and surface roughness of films.[37]

Wettability represents the affinity of a liquid to spread on
a surface, which is measured using contact angle analysis
of PP‐OSMs performed using the sessile drop method,
where a drop of liquid (polar or disperse) is placed on the
film surface and observed using a camera. The angle is
measured using a reference baseline of the drop and the
tangent of the drop boundary, the droplet volume,
surface, and height, and the basal diameter.

2.5 | Bacterial studies

S. aureus (ATCC 25923) and P. aeruginosa (clinical
isolate, PAO1 type; SA Pathology) were both retrieved
from glycerol stocks stored at −80°C, plated onto
tryptone soy agar plates, and cultured overnight at
37°C. For each strain, a single colony was aseptically
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transferred to 2ml of tryptone soy broth and incubated
for 18 h. Triplicate samples of various essential oils
plasma‐coated onto fragmented glass slides were individ-
ually placed in six‐well tissue culture plates and UV‐
sterilized for 20 min. Bare glass slides were UV‐sterilized
and used as the no‐treatment control. Cell densities of
the overnight cultures were measured using absorbance
(600 nm, OD600) in a cuvette reader. The OD600 was set
to 1, which is approximately 109 CFU/ml as previously
determined by colony enumeration calibration. The cell
density of the overnight cultures was then further diluted
down to an approximate 106 CFU/ml. The glass slide
samples were then immersed in 2 ml of the diluted cell
cultures and incubated at 37°C for 18 h.

2.6 | LIVE/DEAD analyses

After incubation, the culture media were aspirated out of
the well plates and replaced with 2ml of phosphate‐
buffered saline (PBS) for 1 min to gently rinse away
planktonic cells. The PBS was replaced, and the sample
surfaces were coated with BacLight LIVE/DEAD (Invi-
trogen, Thermo Fisher Scientific) reagent, using equal
proportions of Syto9 and propidium iodide at 1.5 µl/ml
PBS. The samples were incubated for 15 min in the dark
and immediately imaged using an Olympus FV3000
confocal laser scanning microscope. Three micrographs
were taken at ×40 magnification at random locations on
each replicate sample. Green‐ and red‐stained cells were
quantified using ImageJ software (V1.53; NIH).

2.7 | Fibroblast studies

HDF cells were cultured using the Fibroblast Growth
Medium—2 Bullet kit—from Lonza™. Each experiment
was conducted using cultured fibroblasts in passages 7 or
8. HDFs were seeded (~50 000 cells/ml) in 6mm round
borosilicate coverslips containing CP50W and PP50W
using 100 μl of cell culture in 96‐well plates. Lysed cells
were used as a negative control, and healthy cells seeded
on bare coverslips were used as a positive control.

2.8 | Cell viability and cytotoxicity

The ViaLight™ plus kit was used to estimate HDF
viability by determining their ATP levels using the assay
protocol for a 96‐well plate published by Lonza. Toxi-
light™ 100% lysis reagent set was used for determining
cytotoxicity. This assay measures the release of adenylate
kinase (AK) from damaged cells. AK actively

phosphorylates ADP to form ATP, which is then
measured in a luminometer POLAR STAR OMEGA
Model 415‐0530.

2.9 | Cell adhesion and spreading

HDFs with a density of 50 000 cells/ml were seeded on
16mm round borosilicate substrates. After being cul-
tured for 24 h, the cells were rinsed with PBS three times
for 5 min and fixed with methanol at −20°C and rinsed
again three times for 5 min with PBS. Subsequently, the
primary antibody, vimentin (ab92547; Abcam), was
added at a concentration of 1/200 for 1 h. or overnight
at 4°C. The secondary antibody was then added, at a
dilution factor of 1/500 or 1/1000 for 1 h. at room
temperature. Finally, cell nuclei were counterstained
with a drop of 4′,6‐diamidino‐2‐phenylindole (DAPI)
antifade gold (Thermo Fisher Scientific). Fluorescence
images of cell nuclei and vimentin were observed using a
fluorescence microscope Axio Imager Z1.

2.10 | Statistical analyses

In bacterial experiments, three biological replicates
and three technical replicate images were obtained.
Technical replicates were averaged, and the values
were used to calculate the overall mean and standard
deviation of cell viability across the three biological
replicates. Data were plotted in GraphPad Prism
(v8.3.0). Significance was determined with Prism,
using a two‐way analysis of variance (ANOVA) with
Dunnett's multiple‐comparisons test. In cell viability
and cytotoxicity experiments, five replicates were
performed. The mean and standard deviation were
reported for each sample. Data were plotted using the
same software. Significance was calculated using
ANOVA multi‐analyses comparison test.

3 | RESULTS AND DISCUSSION

3.1 | Surface leachate as a pH modifier

The thicknesses of PP‐OSMs, CP50W, and PP50W
coatings were measured by Ellipsometry immediately
after fabrication and after 24 h of immersion in MiliQ
water (pH of 6.75). The average thicknesses of CP50W
and PP50W films after fabrication were 90 and 123 nm,
respectively. After immersion in water, CP50W lost 59.2%
of the film thickness, whereas PP50W lost 35.3% of the
film thickness as shown in Figure 1.

4 of 10 | ROMO‐RICO ET AL.
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The pH of distilled water changed after 24 h due to
the PP‐OSM leachate from near‐neutral pH of 6.75 to
acidic pH of 4.6 and 5 for CP50W and PP50W,
respectively. This result is interesting for wound dressing
applications. In chronic wounds, elevated protease levels
have been implicated in the degradation of new
extracellular matrix (ECM). Protease activity is depen-
dent on the pH of the surroundings.[38] One strategy for
healing chronic wounds is to decrease protease levels
using a pH modulator. The pH values of chronic wounds
are in the range of 6.5–8.5; however, if this is reduced to
5, protease activity is expected to be reduced. Therefore,
degradation of the new ECM would potentially not occur
and wound healing might be promoted.[39]

Figure 2 shows the AFM images of CP50W and
PP50W. Super smooth roughness, less than 1 nm, was
obtained in both samples (n= 3) (CP50W= 0.2 nm and
PP50W= 0.62 nm). The AFM image of PP50W showed
random rough peaks (height = 1 nm) along the scanned
area, whereas the image of CP50W showed a smooth
surface. The observed 1 nm peaks along the PP50W

image could be related to the accumulation of large OSM
molecules bound to its surface. Figure S2 shows the
topography of both samples. The roughness of the PP‐
OSMs increased to around 10 nm in peaks and valleys
after 24 h of submersion in MiliQ; this was associated
with the leaching of thickness illustrated in Figure 1.

3.2 | Chemistry, wettability, and
smoothness of PP‐OSMs surfaces

The chemical properties of PP‐OSMs were investigated
by FTIR. Figure 3 shows the IR spectra of the PP‐OSMs
before and after they were submerged in MiliQ water.
The functional groups of the OSMs were retained during
PP‐OSM fabrication and after 24 h of water submersion.
The peaks between 2960 and 2866 cm−1 appear due to
the vibration of the CH alkane strength and the CH2

symmetric stretch. These peaks could be associated with
the presence of CR.[40] At 1700 cm−1, a peak in the
spectra of both CP50W and PP50W images can be seen.
This was likely due to the carboxyl COOH bonds formed
due to the recombination of monomer molecules. Peaks
between 1457 and 1380 cm−1 correspond to the symmet-
rical vibration of CH3.

[41–43] During continuous wave

FIGURE 1 Thickness of plasma polymer‐oregano secondary
metabolites (PP‐OSMs) before and after being submerged in
distilled water for 24 h

FIGURE 2 Surface images of CP50W and
PP50W obtained by atomic force microscopy.
The dimensions of the images are
3 μm× 3 μm× 3 nm

FIGURE 3 Fourier transform infrared spectrum of oregano
essential oil, and plasma polymer‐oregano secondary metabolites
fabricated under different plasma conditions CP50W and PP50W

ROMO‐RICO ET AL. | 5 of 10
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plasma deposition, the constant power leads to increas-
ing fragmentation of the monomer and loss of some
monomer functional groups, whereas pulsed‐wave
plasma deposition results in less fragmentation and
retention of the monomer functional groups.[23] There-
fore, the difference in the thickness between CP50W and
PP50W could be related to the deposition time as well as
the fragmentation effect of a plasma wave in the
monomer and its polymerization.

The wettability of CP50W and PP50W was deter-
mined by water contact angle (WCA) measurements. The
wettability of a material surface is related to its chemical
composition and surface roughness.[37] Figure 4 shows
the WCAs for the control, CP50W, and PP50W. The
WCA for the control and CP50W was similar at around
45°. A WCA below 90° is considered hydrophilic,
whereas a contact angle above 90° is considered
hydrophobic. The WCA of PP50W was below 7°, which
is considered superhydrophilic.[44] The low contact angle
is likely associated with the high oxygen content
observed in the FTIR measurements described above.
COOH groups are polar groups that promote the
absorption of water molecules on the surface.

3.3 | Antibacterial performance of
oregano polymers

The antibacterial properties of CP50W and PP50W were
evaluated by fluorescence imaging using a LIVE/DEAD
bacterial viability kit. Using this kit, bacterial cells with an
intact cell membrane fluoresce green, and cells with a
perforated or ruptured cell membrane fluoresce red. Survival
and attachment of P. aeruginosa and S. aureus were
evaluated by the quantification of fluorescent cells.
Figure 5a shows fluorescence images and Figure 5b shows
viability and attachment plots of both microorganisms
seeded in PP‐OSMs and in a glass substrate used as a control.

Bactericidal activities of CP50W and PP50W are
statistically significant (****p< 0.0001) against P. aerugi-
nosa, with viabilities ranging from <1% (PP50W) up to
47% (CP50W), when compared to the glass slide control.
However, as shown in Figure 5c, the rate of attachment
of P. aeruginosa to CP50W and PP50W was not
significantly different from the control.

CP50W and PP50W were effective against S. aureus
viability, ***p< 0.0005 and *p< 0.05 respectively. Inter-
estingly, S. aureus attachment was inhibited by both
polymers, **p< 0.005 for PP50W and *p< 0.05 for
CP50W. This suggests that the CP50W and PP50W
plasma films have selective antifouling properties against
S. aureus. The mechanisms of action of OEO, CR, and
thymol (TH) against different pathogens have been
elucidated. OEO, CR, and TH can kill P. aeruginosa
and S. aureus by penetrating their cytoplasmic mem-
brane, causing K+ and PO4

− leakages from both
pathogens.[17] Recent studies of OEO against
methicillin‐resistant S. aureus reported that OEO
destroys its cell membrane, causing irreversible damage
and producing the leakage of Na+ and K+, thereby
affecting its physiological function. Additionally, CR can
form a chimera with bacterial DNA, affecting its
replication, transcription, and translation.[15]

3.4 | Biocompatibility assessment: cell
adhesion, viability, and cytotoxicity

Cell viability and cytotoxicity of fibroblasts were mea-
sured 24 h after seeding 0.1 ml of healthy cell medium
(density 50 000 cells/ml) in a glass substrate (control),
CP50W, and PP50W. After 24 h, cell viability in the
control, CP50W, and PP50W was similar. However,
CP50W and PP50W were less cytotoxic than the control,
*p< 0.05 and **p< 0.005, respectively (Figure 6a). After
24 h of seeding, adhesion of cells was confirmed by

FIGURE 4 (a) Dynamic wetting properties of CP50W and PP50W over time (30 s) evaluated by sessile drop water contact angle
measurements. (b) Photographs of water droplets on CP50W and PP50W

6 of 10 | ROMO‐RICO ET AL.
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immunofluorescence staining using vimentin (green)
and DAPI (blue) (see Figure 6b). Vimentin is an
intermediate filament that acts as a signaling mediator
between cells by regulating cellular processes of rele-
vance in wound healing, like adhesion, migration,
differentiation, and morphological arrangements.[45,46]

Figure 4 shows that fibroblasts adhered and spread well
in all samples. Corrected total fluorescence was calcu-
lated using ImageJ software (Figure 6a, right panel).
CP50W and PP50W were not cytotoxic and bio-
compatible with human dermal fibroblasts, which
suggests their potential for use in devices that are in
contact with dermal tissue.

One of the main features of the presented polymers
was their antibacterial and antifouling properties, which
are similar to the antibacterial behavior shown by PP
from T4 and geranium monomers fabricated at low
plasma power levels.[19,24,26] In addition to the antibac-
terial and antifouling study of oregano, this is the first
study where fibroblasts' viability, cytotoxicity, and cell

adhesion were evaluated for PP‐OSMs. Considering these
data, our results suggest that PP‐OSMs have potential use
as coatings for different medical devices, for example, as
a coating for dermal wound dressings, catheters, and
implants. Nevertheless, in vivo assessments would be
interesting to determine the optimal performance of PP‐
OSMs, especially when they are in contact with living
tissue in a wound environment.

4 | CONCLUSION

Plasma polymer films from OSMs were successfully
developed at different RF power levels using RF‐PECVD.
The functional groups of the oregano monomer were
retained in the PP‐OSMs, resulting in a smooth and
hydrophilic polymer. The surface roughness of CP50W
resulted in a hydrophilic surface, whereas PP50W had a
contact angle of 5° and is, therefore, considered super-
hydrophilic. The results suggest that coating leachate of

FIGURE 5 Antibacterial effect of plasma polymer (PP)‐oregano secondary metabolites. (a) LIVE/DEAD images of Pseudomonas

aeruginosa and Staphylococcus aureus. The green dye represents live bacteria, whereas the red stain represents dead bacteria. (b) Viability.
(c) Cells per image. The dimensions of fluorescence images are approximately 100 ×100 µm

ROMO‐RICO ET AL. | 7 of 10
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the PP‐OSMs modifies the pH of the media used.
PP‐OSMs was shown to have bactericidal properties
against Gram‐negative P. aeruginosa and antifouling
properties against Gram‐positive S. aureus. Moreover,
PP‐OSMs supported fibroblasts' growth and proliferation
without producing significant cytotoxicity. Adhesion and
spread of fibroblasts on PP‐OSMs were also confirmed.
The overall results suggest the potential application of
these polymers in medical applications, such as wound
dressings, where antibacterial and biocompatibility are
required.
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