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Abstract: Antibacterial coating is necessary to prevent biofilm-forming bacteria from colonising
medical tools causing infection and sepsis in patients. The recent coating strategies such as immo-
bilisation of antimicrobial materials and low-pressure plasma polymerisation may require multiple
processing steps involving a high-vacuum system and time-consuming process. Some of those have
limited efficacy and durability. Here, we report a rapid and one-step atmospheric pressure plasma
polymerisation (APPP) of D-limonene to produce nano-thin films with hydrophobic-like properties
for antibacterial applications. The influence of plasma polymerisation time on the thickness, surface
characteristic, and chemical composition of the plasma-polymerised films was systematically investi-
gated. Results showed that the nano-thin films deposited at 1 min on glass substrate are optically
transparent and homogenous, with a thickness of 44.3 & 4.8 nm, a smooth surface with an average
roughness of 0.23 & 0.02 nm. For its antimicrobial activity, the biofilm assay evaluation revealed a
significant 94% decrease in the number of Escherichia coli (E. coli) compared to the control sample.
More importantly, the resultant nano-thin films exhibited a potent bactericidal effect that can distort
and rupture the membrane of the treated bacteria. These findings provide important insights into
the development of bacteria-resistant and biocompatible coatings on the arbitrary substrate in a
straightforward and cost-effective route at atmospheric pressure.

Keywords: atmospheric pressure; plasma polymerisation; D-limonene; ASTM E2149; antimicrobial
coating; E. coli bacteria

1. Introduction

Infectious illness treatment is becoming more complex for physicians due to an in-
creasing rate of antibiotic resistance around the world, causing major morbidity and death.
Pharmaceutical companies are insufficiently responding to the rising demand for new
antibiotics. Alternative medicinal approaches based on age-old herbal expertise utilising
secondary plant compounds as promising antibacterial agents may aid in the develop-
ment of new drugs [1]. Alkaloids, phenolics, terpenes, and saponins are examples of
secondary metabolites known to assist and keep homeostasis in their surroundings [2].
Unlike the present synthetic antibiotics, these phytochemicals are recognised to have a
weak antagonistic response while still possessing influential antibacterial properties.

Terpenes are a type of natural substance made up of cycloaliphatic and/or aromatic
components. Limonene is one of the members of this family. It is thought to be a promising
bioactive chemical since it has antioxidant, anticancer, anti-inflammatory, antiviral, and
insecticidal activities. The virucidal activity of SARS-CoV-2 was reduced by about 6 logs
in mouthwash that contained both D-limonene and cetylpyridinium chloride (CPC) [3].
Limonene can be used as an antibacterial agent because of its vast variety of medicinal
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applications. The science of antibacterial properties and mechanisms involved should be
constructed to uncover the plausible function of the compounds against diverse germs to
investigate natural compounds as medication in a much more practical route. Previous
research on the antimicrobial activity of terpenes and their compounds has revealed that
sub-lethal disruption to the cytoplasmic membranes is a possible mechanism for E. coli
death [4-6]. Recent findings by Gupta et al. described the different sequential changes
that occurred in E. coli cells after exposure to limonene, which caused cell rupture and
eventually led to cell death [7]. Due to a growing interest in recent implantable medical
devices, the issues arising from bacterial infection at the site of the devices have also become
a major health challenge [8-11]. Therefore, there is a great need to produce an effective
antimicrobial coating with various surface modifications for contact-killing bacteria on
the device surfaces [12,13]. Lately, contact-active antimicrobial coatings have received
increasing consideration [14,15].

Thin film technology advancements are critical for a range of research sectors, includ-
ing microelectronics, biomedical, and anticorrosion applications [16-20]. Nanometre-thick
films (<100 nm), for example, can be useful as bioactive layers for implant materials [21]
and biomaterial films for anticorrosion purposes [22]. There has been a surge of interest in
developing ecologically friendly films from renewable organic precursors [23]. This quest
for alternative materials is motivated by a desire to reduce reliance on petroleum-derived re-
sources and to generate goods with higher added value derived from low-cost sources [24].
These are induced via degradative chain transfer processes, which obstruct polymer synthe-
sis [25]. Unlike traditional polymerisation techniques, plasma polymerisation allows thin
film deposition from most of the organic precursors [26]. Terpenes originating from plants
and fruits, such as terpinen-4-ol [27], geranium [28], and carvone [29] have been shown to
create solid films using plasma polymerisation. During the plasma polymerisation reaction,
ionic species are bombarded, resulting in radical sites that stimulate cross-linking of the
deposited nano-thin films and grafting of new species [30].

Even though limonene has a chemical structure comparable to those terpenes-related
precursors, no feasible experiments have been conducted yet using this precursor to make
nano-thin films via APPP for antibacterial activity. For instance, a plasma coating with
antibacterial surface modifications by an atmospheric pressure plasma jet (APP]) process is
a relatively new field due to its simplicity and convenience of usage [31,32]. In most APPJs
and dielectric barrier discharges (DBDs) [33], one electrode is grounded while the other is
energised with a high-voltage source to create an electric field between them. According
to this method, stable plasma is formed when a flow of gas travels between the coaxial
electrodes and is ionised by the electric field. As precursors for the deposited polymer
coating, monomers must be vaporised before the plasma ignition. The contact between
the precursor and the plasma in the air causes the monomers to fragment and induces the
oxygen- and nitrogen-containing groups that dictate the coating characteristics [31]. The
products generated from the precursor-plasma reactions, such as reactive plasma species,
as well as non-reactive species, deposit on the substrate, where the adsorption and surface
reactions take place simultaneously. Some of the published results have been reviewed
here [34-37].

Developing a simple and green route for imparting antibacterial and hydrophobic
properties is highly desirable because of economic and environmental reasons. In this work,
we reported a rapid and one-step plasma polymerisation technique, utilising D-limonene
as a precursor, to create nano-thin films at atmospheric pressure (AP) for antibacterial
applications. To the best of our knowledge, the use of APPP of D-limonene as a potential
antibacterial agent with a bactericidal effect has not yet been demonstrated. Previous work
on the deposition of the D-limonene coating used the low-pressure plasma polymerisation
technique approach, which necessitated the use of vacuum [38]. In our APPP approach, the
impact of plasma polymerisation time on the physicochemical properties of the resultant
nano-thin films was investigated here to demonstrate its feasibility. As an initial proof of
concept, the results were incorporated to produce an effective antibacterial coating against
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Gram-negative (E. coli) bacteria, in which E. coli exposed to the D-limonene coated surface
were evaluated in vitro via field-emission scanning electron microscopy and fluorescence
microscopy to access their survivability after incubation.

2. Materials and Methods
2.1. Materials

The essential oil (D-limonene, C19Hi¢) was acquired from Sigma Aldrich (St. Louis,
MO, USA) with a purity of >97%. It was utilised as received without any additional
purification. Microscopic glass slides were selected as a model substrate because of their
established record as a positive control. Each glass slide was ultrasonically cleaned for
30 min in acetone, ethanol, deionised (DI) water, and lastly in isopropyl alcohol (IPA). For
plasma discharge, 99.99% pure Ar gas was employed in this work.

2.2. Experimental Setup of the AP Plasma System

Figure 1 shows a schematic diagram of the AP plasma polymerisation system where
the plasma discharge was created in a plasma jet consisting of a quartz tube. A copper
rod was placed into the quartz tube connected to a high voltage (HV) supply and acted
as an HV electrode. The outside electrode, fastened around the quartz tube, serving as a
grounded electrode, was likewise made of copper. A neon power supply with a 3 kV output
voltage was used to power up the plasma jet. The inner and outer diameters of quartz tubes
were about 3.0 and 5.0 mm, respectively. The distance between the HV electrode tip and
the nozzle was maintained at 20 mm throughout the experiment, whereas the nozzle was
15 mm away from the target glass substrate. The deposition of AP plasma-polymerised
D-limonene (AP-PP-lim) was carried out on the glass substrates of 5 cm x 5 cm size. Mass
flow controllers (MFCs) were used to feed the argon into the system. To vaporise the liquid
D-limonene monomer, the Ar gas was supplied into a glass bubbler at a constant flow rate
of 130 sccm.
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Figure 1. Schematic diagram of the APPP setup. The inset shows the photograph of plasma generated
from the APPJ during the deposition process.
2.3. Characterisation of AP-PP-lim Nano-Thin Films

The static water contact angle (WCA) measurements were carried out on an automated
Contact Angle Goniometer (Rame—Hart, Inc. model 100, Succasunna, NJ, USA) using a
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static sessile drop technique at room temperature. Two microlitre droplets of DI water
were carefully placed on the samples and WCAs were recorded. The surface masking
approach was utilised to determine the thickness of the AP-PP-lim nano-thin films on
glass substrate [29]. The step height was measured with a surface profiler (model: Bruker
Dektak XT). An atomic force microscopy (AFM) system (NT-MDT, Automated AFM NEXT)
operating in non-contact mode was used to assess the roughness of the AP-PP-lim. A
non-contact silicon gold cantilever beam (NSG-10), with a resonance frequency of 390 kHz
and a force constant of 37 Nm ™!, was used, and the average roughness (R,) for the scan
regions of 10 um x 10 um was also measured.

The chemical composition of the pure D-limonene and AP-PP-lim samples was as-
sessed using a Perkin Elmer Spectrum 400 FT-IR Spectrometer (1250 to 4000 cm ! range).
Based on 32 accumulated scans with a resolution of 4 cm ™!, the spectra were acquired.
To analyse the spectra, adjust the baseline, and locate the relevant peaks, Spectrum™
10 software was employed.

Furthermore, the surface chemistry of the samples was analysed using an XPS sys-
tem (ULVAC-PHI, Quantera II) with an Al-K source that had an energy of 1486 eV and
functioned at 50 W and 15 kV. All spectra were acquired with an emission angle of 45°.
Each sample was subjected to five scan cycles. Based on the survey scan spectra, the PHI
Multipak programme was used to estimate the atomic content of carbon (C) and oxygen
(O). For the high-resolution spectra, the peak deconvolutions of C 1 s spectra were fitted
using Gaussian curve fitting. During component fitting, the Shirley background was used
to deduce the C 1 s spectra, and the full width at half maximum was set between 1.46 and
1.55 eV [39,40].

2.4. Microbiological Activity

The antimicrobial activity of AP-PP-lim coatings was evaluated based on the standard
test method (ASTM E2149-20). A quantifiable antimicrobial testing technique was used
to determine the antibacterial activity of non-leaching antibacterial agents [41]. The an-
tibacterial properties of the coatings were tested using the Gram-negative (E. coli) bacteria
(ATTC 25927). To grow these bacteria, Luria-Bertani (LB) broth was grown overnight at
37 °C. The inoculum (1 x 108 CFU mL~') and LB media were placed together at a ratio of
1:9 to make an inoculum (1 x 107 CFU mL™!) and further diluted to 1 x 10° CFU mL L.
E. coli bacteria were streaked onto agar (nutrient) plates and left overnight at 37 °C. The
samples were placed into 12-well plates and incubated with inoculum (1 x 10° CFU mL™!)
for 24 h for biofilm formation studies. The Gram staining protocol was used to identify
the Gram-negative bacteria by colouring the cells [42]. In a nutshell, the samples were
steeped in crystal violet solution for 30 s before being rinsed in saline and then submerged
in Gram iodine solution for another 30 s. The weak colours were subsequently decoloured
using a decolouriser (GMO-CO2). The average surface area of bacteria was estimated
using Image]® software (NIH and LOCI, Wisconsin, USA) after the sample images were
optically captured at different spots using a fluorescence microscopy system (Olympus,
BX53M). Each experiment was carried out three times. The morphology of the bacteria [43]
on the control and treated samples was studied using a field-emission electron scanning
microscopy (FESEM) system (Zeiss, Supra 55 VP). The sample preparation method was
similar to those used for biofilm formation, with the exception that after 24 h of incubation,
the samples were rinsed with saline solution to eliminate any loose biofilms. Lastly, the
samples were dried at ~35 °C for 2 h. Prior to FESEM imaging, a 99.99% platinum ultra-
thin coating was applied to reduce the charging effect on the non-conducting sample. A
live-dead fluorescence experiment was also used to examine the antibacterial activity of
the plasma-polymerised film and 12-well plates were used to hold the prepared samples
(AP-PP-lim and clean glass substrate). These samples were treated with an inoculum
(1 x 107 CFUmL™!) for 24 h at 37 °C. The samples were then preserved with 10% ©v/v
neutral buffered formalin saline after being rinsed with phosphate-buffered saline (PBS).
To determine the bacteria’s viability, they were then stained using the LIVE/DEAD® Ba-
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clightTM bacterial viability kit (L7007, Invitrogen, ThermoFisher Scientific, Waltham, MA,
USA). Before examining the stained samples under a fluorescence microscope, the samples
were submerged in 0.9 w/v saline water to eliminate any extra staining. An Olympus BX51
fluorescence microscope was used to image the viability of bacteria on the AP-PP-lim and
glass substrate at a magnification of 60 x. The red fluorescent substance, propidium iodide,
was seen at an excitation wavelength of 490 nm and an emission wavelength of 635 nm,
whereas the green fluorescent substance, SYTO9, was seen at 480 nm and 500 nm. Each
sample received five images from experiments performed in triplicate.

3. Results and Discussion
3.1. Characteristics of AP-PP-lim Nano-Thin Films

The sessile drops technique was used to test the wettability of plasma-polymerised
films. The angle at the triple-phase contact line between the water droplet and the film
determined the wettability. The adhesive forces between such a liquid drop and a substrate
are theoretically a local response driven by interactions between the actual drop and the
nearby vapour with the substrate, demanding drop-volume independence [44]. Droplet
symmetry may be affected by the distribution of chemical composition and roughness of
the surface [45]. The topography is an important factor to consider since roughness can
increase contact angles in some circumstances [46]. Contact angle measurements, on the
other hand, offer information regarding the nature of a topmost layer of the surface in the
0.5-1.0 nm range [47].

Figure 2a exhibits the average static WCA and thickness of AP-PP-lim nano-thin films
deposited on the glass substrate at different plasma polymerisation times. The results were
compared with the control sample, a clean glass substrate, which is completely wettable (i.e.,
WCA = (°). After the plasma polymerisation at a minimum period of 1 min, a much higher
static WCA was obtained at about 90.7 & 1.1°. No significant changes in WCA were further
observed regardless of plasma polymerisation time. The corresponding photographs of
water drops on the control and AP-PP-lim samples are shown in Figure 2b.

From the profilometer measurements, as shown in Figure 2c—g, the thickness of AP-
PP-lim deposited at 1, 3, 5, 7, and 9 min was estimated to be about 44.3 4.8, 190.7 £ 7.3,
and 281.6 &+ 10.5, 322.8 nm £ 11.6 and 363.3 nm =+ 10.3 nm, respectively. Meanwhile, no
significant deviations of the film thickness were observed across the deposited films, for
each deposition time, after plasma polymerisation. Furthermore, the surface morphologies
of AP-PP-lim nano-thin films were also characterised based on the topographical AFM
measurements (2-D and 3-D view), as shown in Figure 2h,i and Figure Sla—d. The results
showed a relationship between the film thickness and plasma polymerisation time with a
deposition rate of ~0.8 nm s~!, indicating the reproducibility of the plasma polymerisation
process when carried out in a controlled manner. By adjusting the plasma polymerisa-
tion time with the suggested atmospheric plasma method, one may control the resultant
film thickness.

The AFM profiles showed a smooth, and complete coverage of AP-PP-lim (1 min) on
the substrate, which correlates well with low average roughness (R,) value (0.23 &= 0.02 nm)
and root mean square roughness (R;) value (0.27 £ 0.02 nm). The average roughness (R,)
and root mean square roughness (R;) of AP-PP-lim nano-thin films (3, 5, 7 and 9 min)
and control clean glass substrates are shown in Table S1 and Figure Sle. The results
showed a linear relationship between the film roughness and plasma polymerisation time.
Figures S2 and S3 showed that the nano-thin films deposited at various times on glass
substrate are optically transparent. In this work, the R, value of AP-PP-lim was comparable
to that of low-pressure plasma-polymerised D-limonene reported previously [38].



Polymers 2023, 15, 307 6 of 15
v - T - T 450 _ 0 =90.68° 0 =90.73°
k2 =0°
@ ] T, M 00
80 1 o I L
704 ; Rl Eaadt]
< 60 . <
1% 2
z ¥ M3 6=90.72° 6=90.81° 6 =90.78°
50 -150 = A
40 - 100
0] * 50
T T T T T 0
1 3 5 7 9
Plasma polymerization time t(min)
T T 400
(© (@)
50 ! 0y I
— j
E2s 3
! 3 min
1 min
0 N
0 008 016 024 032 040 Amctl) 008 016 024 032 040
1000 {EE— 1000
® (2
800 800
600

€ 4 bt .
g
400 v
oo, (A
200 \ 200+
S
.7 min
Ny A 0+

-200

A
i T N

0

008 016 024 032 040 "o 008 016 024032 o040

mm mm

Figure 2. (a) Average static WCA and film thickness at different plasma polymerisation times.
(b) Photographs of WCA of control and AP—PP—lim samples at different plasma polymerisation
times. (c-g) Step height measurements of AP—PP—lim films at different plasma polymerisation
times with their corresponding height profile plots. (h,i) 2D and 3D AFM profiles of the smooth
AP—PP—lim nano-thin films deposited at 1 min.

In comparison, the thickness control in this work was almost comparable to the plasma
polymerisation materials reported in the literature, in which the thickness and plasma
polymerisation time were likewise linearly related due to a constant flow of precursors [48].
Meanwhile, much thicker films were found to be less effective in antibiofouling activ-
ity, possibly due to increased roughness that enhanced the attachment of bacteria on the
surfaces [49]. Furthermore, plasma-polymerised coatings with hydrophobic or superhy-
drophobic surfaces could also greatly reduce the adhesion of bacteria on the surfaces [50].
Hence, in this work, the AP-PP-lim nano-thin films with adequate surface characteristics
suitable for antimicrobial activity, deposited at a short period of 1 min, were considered for
further characterisations.

The ATR-FTIR spectra of AP-PP-lim nano-thin films and D-limonene monomer sam-
ples are shown in Figure 3 and Figure S4. The molecules of D-limonene consist of C—H,
C—C, and C=C bonds [38,51]. Bands include symmetric stretching of C—H bonds (2834
and 2856 cm™1), asymmetric stretching of C—H (2920 and 2964 cm 1), and unsaturated
C—H bonds (3010, 3046, 3072, and 3083 cm™1). The stretching band of the C=C bonds
was seen at around 1644 cm~!. Asymmetric C—H bending was presented at 1436 and
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1451 cm~!, while symmetric C—H bending was at 1375 cm ™. Furthermore, out-of-plane
bending of C—H bond was presented at 1310 cm ! as different band with low intensities.

D-limonene monomer

AP-PP-lim (1 min)

l
3

AP-PP-lim (3 min)

|

AP-PP-lim (5 min)

AP-PP-lim (9 min)

Transmittance (%)

j

| H
O-H C-H C=0 C-H
4 I i ] ! ] ' ] ' |
4000 3500 3000 2500 2000 1500

Wave number (cm™)

Figure 3. ATR-FTIR spectra of D-limonene monomer and AP—PP—lim deposited on a glass substrate
at plasma polymerisation times of 1, 3, 5, 7 and 9 min.

Compared to the monomer D-limonene, the AP-PP-lim nano-thin films, in the surface
phase, have broader and fewer noticeable bands because of the cross-linking nature of
plasma polymers [52]. Based on Figure 3, AP-PP-lim nano-thin films show the following
bands: (1647 cm™!) represents unsaturated C=C stretching, (2926 and 2956 cm~!) represent
asymmetric and symmetric C—H stretching, (1374 and 1450 cm~!) represent symmetric
and asymmetric bending of C—H. Hence, the cross-linking properties of AP-PP-lim nano-
thin films, with random bonding and cross-linking, might be associated with a variety of
bonding environments [53,54].

Although the precursor molecule lacks oxygenated chemical groups, polar functional-
ity on plasma-polymerised films arises when they come into contact with ambient air [55].
In atmospheric plasma, the free radicals in the plasma-polymerised films are often pro-
duced by plasma active species ablation or imperfect fragment bonding [56]. During the
plasma polymerisation, these radicals rapidly interact with oxygen in the air to produce
oxygenated species [57]. It is well-known that limonene easily oxidises to carveol, carvone
and limonene oxide (Figure S5).

The present authors had already provided plausible mechanisms of plasma polymeri-
sation followed by deposition of carvone on the surface [6]. Similar mechanisms would
likely also hold for carveol and limonene oxide to polymerise and deposit on the surface.
For instance, a band that arose with a weak intensity at about 1050 cm~!, might have
originated from the C—O bonds, while a band at about 1709 cm ! was ascribed to the
stretching of the C=0 bonds that emerge due to similar causes. Another weak broadband
at about 3340 cm~! was also presented which corresponds to O—H stretching. Those
chemical fingerprints often resemble the existing plasma-polymerised materials produced
from essential oils and their constituents [48].

Importantly, the band presented in the AP-PP-lim nano-thin films at about 1647 cm !
corresponds to the C=C bond. The unconjugated C=0 bond appeared at 1709 cm . Both
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C=0 and C=C peaks were similar to the carvone-based system, as reported earlier. Though
the C=C peak was often absent in the films prepared with various natural precursors
as well as precursors that formally containing double bonds [57-59], these authors had
reported that for carvone moiety this peak appears almost at the same position for both
pure compound and plasma polymerised compound [6]. This result suggested that under
the deposition circumstances utilised in this work, chemical structures are partially retained
during plasma polymerisation [60]. Furthermore, the same FTIR spectra were also found
for the samples deposited at 3, 5, 7, and 9 min, suggesting the same characteristics of
chemical bonding regardless of plasma polymerisation time (see Figures 3 and S4). As the
outermost surface is always the same for all five deposited surfaces, the WCA is also the
same, as shown in Figure 2. Moreover, it might be interesting to note that, as the WCA of
the films are ~90°, the variation in the surface roughness does not influence WCA according
to Wenzel equation [61].
Om = cos ! (r.cosOY)

where 0y, is the measured contact angle, 6y is the Young contact angle as defined for an
ideal surface. r is the roughness ratio. It is defined as the ratio of true area of the solid
surface to the apparent area. r = 1 for a smooth surface and >1 for a rough one. As 0y is
~90°, O also become the same ~90° irrespective of r.

XPS analysis was used to evaluate the surface chemical composition of the AP-PP-lim
films and confirm the possible chemical bonding on the surfaces. Figure 4a shows an XPS
survey spectrum of AP-PP-lim films without any Si signal, thus suggesting that the plasma
coating has completely masked the underlying substrate. The results of the XPS survey
scan showed typical two C 1 s and O 1 s peaks at around 285 and 533 eV binding energies,
respectively. It was observed that the intensity of the C 1 s peak is much higher than that
of the O 1 s peak, indicating the highly preserved structure of C=C and C—H bonds after
the plasma polymerisation. Considering the atomic concentrations of the AP-PP-lim films,
carbon emerged as the dominant content with 84.7 atomic percent, whereas the remaining
contribution to the oxygen content is 15.3 atomic percent.

QO
(on

C1s C-C/ C-H
) )
o o
® O1s S
> >
3 7
3 5
£ £
700 600 500 400 300 200 100 O 300 296 292 288 284 280
Binding energy (eV) Binding energy (eV)

Figure 4. XPS of AP-PP-lim nano-thin films. (a) XPS survey spectrum and (b) core-level of C 1 s spectra.

The analysis of the C 1 s peak provided more detailed information about the chemical
composition of AP-PP-lim (Figure 4b). The C 1 s peak could be deconvoluted into four
components: hydrocarbons bonds (C—C/C—H) with a binding energy of 284.8 eV form
the polymer backbone; and chemical groups such as hydroxyl (C—O-H)/ether (C-O-C),
carbonyl (C=0), and carboxyl (O—C=0) with binding energies of 286.4 eV, 287.7 eV, and
289.0 eV, respectively, are incorporated in the polymer matrix [58]. The existence of C—-O,
C=0, and O—C=0 bonds indicates that AP-PP-lim has been partially oxidised, and the
findings correlated well with the FTIR spectra.

These findings were consistent with previous research on plasma-polymerised natural
oils [58,62]. The relative concentrations of distinct carbon bonding states in relation to
the overall carbon concentration in the sample was estimated using Gaussian curve fitting.
Hydrocarbon species (79.1% of total carbon) formed the backbone of the coatings and reflected
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the chemical bonds of D-limonene. Compared to prior studies employing AP plasma [63],
the quantity of hydrocarbons (C—C/C—H) dominated this coating composition. The second
largest contribution came from C—O groups, which accounted for 16.5% of the total, with
the remaining 3.0% and 1.4% contributed by C=0O and O—C=0 groups, respectively.

A proposed mechanism of AP-PP-lim chemical structure based on the ATR-FTIR and
XPS analysis is shown in Figure 5. The plasma produced reactive species by ionising a
flow of argon gas and D-limonene (C1gHji4) vapour that subsequently reacted with ambient
air to form gas-phase reactive hydrocarbon (CyHy), oxygen (O), and nitrogen (N) species,
respectively. During the dissociation in plasma, the C;9H;j¢ monomers partially broke into
fragments that consisted of ions, radicals, and molecules. Due to its unique reaction process
with ambient air, the fragments reacted with the oxygen reactive species and recombined
onto the substrate to create a highly cross-linked polymer with new oxygen chemical
groups (e.g., C—0O, C=0, and O—C=0). In this work, the new chemical groups indicated
the typical characteristics of plasma-polymerised nano-thin films that behaved similarly to
the previous work conducted at low-pressure [38].
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ambient air-derived —»
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1330
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Figure 5. Schematic representation of plasma polymer derived from D-limonene monomer using the
APPJ system.

3.2. Antimicrobial Performance of AP-PP-lim Nano-Thin Films

Antibacterial properties of D-limonene have attracted great interest in bio-fouling
studies since it is a bio-safe essential oil that can act as an excellent antimicrobial agent [64].
It was also well known that D-limonene has superb antimicrobial properties to different
species of bacteria strains such as E. coli and Staphylococcus aureus (S. aureus). Recent studies
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by Gupta et al. and Han et al. also reported that D-limonene possesses excellent antibacte-
rial properties to prevent different kinds of bacterial propagation and their growth [7,65].
In this work, Gram-negative (E. coli) bacteria (which cause biofouling) were used to ex-
amine the antibacterial performance of the AP-PP-lim nano-thin films. Gram-negative
bacteria, unlike Gram-positive bacteria, tend to be antibiotic resistance due to their thick
cell walls [66]. As a result, if a coating is resistant to Gram-negative bacteria, it is likely to
be resistant to Gram-positive bacterial growth as well.

The mechanisms by which contact-active antibacterial coatings affect cell death are
often associated with disruption of the cell surface [67-69]. To examine this hypothesis, the
morphologies of E. coli coated onto the control and treated samples with AP-PP-lim nano-
thin films were imaged by FESEM. Prior to the evaluation, both control and AP-PP-lim
samples were separately incubated with 10> CFU mL~! of E. coli cell suspension for 5 h,
then the cells underwent fixation, and substrates were treated with glutaraldehyde (2.5%),
followed by ethanol (20-100%) dehydration and air drying. Figure 6a—d shows the FESEM
images of the morphological changes in the treated E. coli between the control and AP-PP-
lim sample. It was observed that the typical rod-shaped E. coli bacteria (about 2.00 pm
long and 0.25—1.00 um wide) on the control sample incubated with the cell suspension
have remained almost unchanged. The E. coli on the control sample grew well with intact
cytoplasmic membranes and formed abundant biofilms (Figure 6a,c).

In contrast, the treated E. coli on the AP-PP-lim were found to be isolated with a
significant decrease in the bacterial colonies, as shown in Figure 6b. The shape of E. coli was
shrivelled, which indicates that the AP-PP-lim could distort the bacteria upon their initial
attachment on the surface. Interestingly, further rupture to the structure of dead E. coli was
apparently seen in the yellow box of Figure 6d, indicating that the AP-PP-lim could disrupt
and collapse the cytoplasmic membranes through the affected pores, leading to death. It
was noted that the bacterial outer cover (cell membrane or cell wall) is the most probable
cellular goal for D-limonene due to the creation of pores. Furthermore, lipids in the cell
wall composition from numerous bacterial classes explained their various vulnerabilities to
D-limonene. In this case, the findings suggested that the AP-PP-lim nano-thin films not only
inhibit the propagation and growth of bacteria, but also possess a direct bactericidal effect.

To analyse the bacteria count, the fluorescence effects of biofilm assay and early attach-
ment assay were quantitatively evaluated. Figure 6e,f shows the fluorescence microscopy
images of treated E. coli bacteria adhered onto the control and AP-PP-lim sample after 24 h
of incubation. It was revealed that the number of bacteria adhered onto the AP-PP-lim
sample was much lower (with a count of 2.37 x 10* 4 0.9 x 10 cm~2) than that of the
control sample (with a count of 4.27 x 10° + 1.3 x 10* cm~?2) (see Figure 6g). The findings
suggest that the AP-PP-lim nano-thin films significantly contribute to the reduction in
bacterial adhesion by up to 94% as compared to the control sample. The initial adhesion
assay and the biofilm assay findings for fluorescence were qualitatively evaluated. Pro-
pidium iodide stains dead bacteria red by penetrating their ruptured membrane, while
SYTOO9 turned live bacteria green. After being incubated for 24 h, the fluorescence pictures
of E. coli’s initial attachment to a clean glass substrate and an AP-PP-lim are shown in
Figure 6h and 6i, respectively. AP-PP-lim demonstrated a much lower amount of E. coli
adhered in comparison to a clean glass substrate and dead bacteria in red colour are visible,
as shown in Figure 6i. It should be noted that the biofilm adhesion could be influenced
by more factors than just surface reactivity. Variations in biofilm surface adherence may
be due to the synergetic effects of multiple factors (e.g., reduced adhesion or destruction
of intercellular signal conduction and communication), which might affect the contact of
bacteria onto the surface, according to the mechanism reported previously [70].



Polymers 2023, 15, 307

110f15

— 50 M

-

Control AP-PP-lim
Sample

100 um

Figure 6. Antimicrobial performance of AP—PP—lim nano-thin films against Gram-negative (E. coli)
bacteria. FESEM images of treated E. coli on the (a,c) control and (b,d) AP—PP—lim sample. The
yellow square box indicates the rupture of E. coli cells. Fluorescent microscopic imaging of treated
crystal violet-stained E. coli on the (e) control and (f) AP—PP—lim sample. (g) Count of treated E.
coli per unit area (cm~2) on the control and AP—PP—lim sample. Illustrative fluorescence views in
live-dead fluorescence assay of (h) E. coli attached on clean glass substrate and (i) E. coli attached on
AP—PP—lim. Samples were incubated for 24 h. Live bacteria are represented by green, whereas dead
bacteria are represented by red.

4. Conclusions

In summary, optically transparent and smooth AP-PP-lim nano-thin films as an an-
tibacterial coating were successfully deposited on glass substrates using the precursor
D-limonene via a rapid and single-step APPP method. The physicochemical properties of
the AP-PP-lim nano-thin films were systematically investigated in relation to the plasma
polymerisation time. Under the circumstances utilised in this work, a high deposition
rate of ~0.8 nm s~! can be achieved to control the thickness of AP-PP-lim nano-thin films.
Surface chemical analysis of the resultant nano-thin films indicated that the hydrocarbon
molecules (e.g., C—C/ C—H) are partly retained from the fragmented D-limonene, along
with new oxygen chemical groups (e.g., C—O, C=0, and O—-C=0), resulting from the
free radical reactions in ambient air under the plasma condition. For its antimicrobial
behaviour, the biofilm assay evaluation exhibited a 94% decrease in the number of E. coli,
compared to the control sample, suggesting the effectiveness of the AP-PP-lim nano-thin
films as an antibacterial coating against Gram-negative bacteria. Overall, this APPP method
can provide a new insight into the development of bacteria-resistant and biocompatible
coatings based on precursors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15020307/s1. Figure S1: 2D and 3D AFM profiles of the
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smooth AP-PP-lim nano-thin films deposited were at 3-, 5, 7- and 9-min; Figure S2: Transmittance
and absorption spectra of AP-PP-lim thin films with different deposition time (1-, 3-, and 5-min)
deposited on a glass substrate; Figure S3: Photograph of a glass substrate with optically transparent
AP-PP-lim nano-thin films; Figure S4: ATR-FTIR spectra of pure D-limonene and the AP-PP-lim films
at 1-, 3-, 5-, 7- and 9-min plasma polymerisation; Figure S5: Chemical structure of D-limonene and its
oxidation products; Table S1: Average roughness (R,) and root mean square roughness (Rq) of glass
substrate and AP-PP-lim nano thin films were deposited at 3-, 5-. 7- and 9-min.
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