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Abstract: Enhancing the hydrophilicity of polymeric materials is an important step for achieving
anti-adhesiveness. Thus, in this study, atmospheric plasma as a pre-treatment was combined with a
UV grafting process to obtain a durable surface modification on polyethylene terephthalate (PET). The
most promising conditions for the atmospheric plasma process were found to be 15 kW power and
4 m/min speed, leading to a contact angle reduction from 70 & 6° to approximately 30°. However,
it was observed that these values increased over time due to the ageing and washing of the PET
surface, ultimately causing it to recover its initial contact angle. Therefore, the plasma-pre-treated
PET samples were further modified through a UV grafting process using sodium acrylate (NaAc)
and 3-sulfopropyl acrylate potassium salts (KAc). The grafted acrylate PET samples exhibited contact
angles of 8 & 3° and 28 + 13° for NaAc and KAc, respectively, while showing durability in ageing and
washing tests. The dry film thicknesses for both samples were found to be 28 £ 2 pm. Finally, the anti-
adhesive properties of the NaAc- and KAc-treated surfaces were evaluated using an Escherichia coli
expressing YadA, an adhesive protein from Yersinia. The modified PET surfaces were highly effective
in reducing bacterial adhesion by more than 90%.

Keywords: grafting; hydrophilicity; surface modification; wettability; plasma; UV polymerisation

1. Introduction

The number of patients with acquired infections increases every year. The European
Centre for Disease Prevention and Control estimated that 8.9 million healthcare-associated
infections occur each year in European hospitals and long-term facilities. Additionally,
approximately 30% of the bacteria responsible for those infections were found to be resistant
to antibiotics [1]. More than ever, it is extremely important to reduce the spread of infections.
A potential way to reduce the spread of infections and antibiotic resistance is using anti-
adhesive materials that can, in turn, reduce the microbial load on surfaces. A popular
approach to obtain such anti-adhesive surfaces is to use hydrophilic surfaces [2] since it
has been shown that hydrophilic surfaces can prevent bacterial adhesion by forming a
hydration layer [3]. One attractive method for obtaining such surfaces is a plasma treatment.
A plasma surface treatment, in particular, cold atmospheric plasma, can be applied to many
different materials (metal, wood, paper, glass, polymers, ceramics and nonwoven textiles,
among others), and the medical sector is one of its main application fields [4]. Plasma
systems are well known, and they can be used for a variety of treatments, such as surface
cleaning, etching, functionalisation, activation and polymerisation, since they change the
chemical and physical properties of the surface [5,6]. The gas type used in a plasma

Coatings 2023, 13, 715. https:/ /doi.org/10.3390/ coatings13040715

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13040715
https://doi.org/10.3390/coatings13040715
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-7432-0726
https://orcid.org/0000-0002-3217-2320
https://orcid.org/0000-0001-9265-0630
https://doi.org/10.3390/coatings13040715
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13040715?type=check_update&version=1

Coatings 2023, 13, 715

20f13

system can determine the hydrophilicity and hydrophobicity of the treated surface [2], and
hydrophilic surfaces can be obtained by using gases such as air, oxygen, nitrogen, helium
and argon [5,7]. The use of atmospheric air as a reactive gas can be a viable option for
plasma treatment as it is a natural, ecological, inexpensive and abundant gas mixture [8].
Additionally, since it is a dry surface treatment, using plasma eliminates the need to
use harmful chemicals and, consequently, their effluents, leading to more sustainable
processes [5]. Furthermore, the use of atmospheric plasma can eliminate the drawbacks of
low-pressure plasma systems such as expensive vacuum systems, high maintenance costs
and being limited to batch processes and smaller area treatments. Although atmospheric
plasma offers these advantages, it has been seldom studied compared to low-pressure
plasma [8].

Moreover, UV-induced photopolymerisation is also an attractive technology for both
industry and laboratory research as it is characterised as having a low environmental impact
and is a versatile technique with a high efficiency. In most cases, a photoinitiator is needed
to create the necessary radicals for the initiation of the polymerisation reaction. However,
there are drawbacks with the use of photoinitiators, such as storage problems, unwanted
odour and colour on final products, migration of the remaining photoinitator molecules,
health concerns and costs [9]. Thus, UV can be combined with plasma to generate radicals
such as peroxyl or hydroxyl on surfaces [6], increasing the efficiency of the polymerisation
reaction and removing the unnecessary use of photoinitiators [6,8,10,11].

In this study, we used polyethylene terephthalate (PET) as a base substrate since
it is one of the most popular polymers used in the medical context due to its hardness,
stiffness and biocompatibility, as well as its biological, chemical and mechanical stability [2].
However, PET surfaces need to be modified to prevent/reduce bacterial adhesion. Charged
polymer networks exhibit a high uptake of water [12], and sodium acrylate (NaAc) and
3-sulfopropyl acrylate potassium salt (KAc) are both used in the preparation of the charged
polymers commonly used in hydrogel studies [12,13]. Furthermore, poly(sodium acrylate)
is known to be a superabsorbent [14] material and is a good candidate for improving surface
hydrophilicity. Thus, a combined process of plasma and UV photopolymerisation for PET
modification was employed in this study in order to render the PET surface hydrophilic.
An initial statistical study for the determination of the optimal experimental parameters of
the plasma treatment (speed and power) using air as a reactive gas was performed. After
that, the atmospheric-plasma-treated samples were further subjected to UV polymerisation
with NaAc and KAc. Finally, the bacterial anti-adhesive properties of the PET-treated
surfaces were assessed.

2. Materials and Methods
2.1. Materials

PET film (Mylar® A with a thickness of 36 um) was acquired from Isovolta Group,
Wiener Neudorf, Austria. Sodium acrylate (97%) and diodomethane (99%) were purchased
from Sigma-Aldrich, St. Louis, MO, USA, and 3-sulfopropyl acrylate potassium salt (>98%)
was purchased from TCI Chemicals, Tokyo, Japan.

2.2. Pre-Treatment with Atmospheric Plasma

The PET substrates were subjected to a conventional corona treatment using dielectric
barrier discharge (DBD) atmospheric pressure plasma equipment (Sigma Technologies In-
ternational, Tuscon AZ, USA—atmospheric plasma treatment system) at room temperature
and with a relative humidity of approximately 45%-55%. This plasma treatment system
was designed to handle substrates up to 2 m wide, and the rolls, which were protected with
insulating silicon sleeves, had diameters of 30 cm. It was a single-sided treatment, with a
maximum web speed of 50 m/min and two metal electrodes (2 m x 3 cm) powered by a
mid-frequency generator with a 15 kW power supply. The PET film samples were treated
at a power supply that varied from 15 kW (100% of maximum power) to 7.5 kW (50% of
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maximum power) and a conveyor speed that ranged from 4 m/min (1.1 Hz) to 12 m/min
(3.3 Hz).

2.3. Experimental Design and Optimisation by Response Surface Methodology (RSM)

In the first step, a 22 full factorial design (experimental design in which data is collected
for all possible combinations of the two factors of interest at two discrete possible levels)
was utilised to evaluate the effect of the treatment power and speed on the PET surface
modification. The initial water contact angle (WCA), WCA after 2 weeks of ageing and
percentage of oxygen increase were used as the response variables. The selected variables
and their levels are listed in Table 1. State-Ease® ‘Design Expert’ (version 12) software
was used for the regression and graphical analyses of the data obtained. The statistical
significance of the regression coefficients was determined by Student’s -test, the second-
order model equation was determined by Fischer’s test and the proportion of variance
was explained by the multiple coefficients of determination, R?. The optimum range of the
variables was obtained by the graphical analysis using the ‘Design expert’ program.

Table 1. Coded and actual levels for the design of the experiment’s variables.

Range and Levels

Independent

Variables Factor -1 0 +1
Speed (m/min) A 4 8 12
Power (kW) B 7.5 11.25 15

2.4. UV Polymerisation of PET with Acrylates

One-hundred g/L of sodium acrylate and 200 g/L of 3-sulfopropyl acrylate potassium
salt solutions were prepared with MiliQ water (Merck S.A., Lisbon, Portugal) and purged
with nitrogen for 1 h. Meanwhile, the plasma pre-treated PET samples were placed in a
Petri dish in a nitrogen atmosphere for 30 min before the addition of the acrylates solution.
After the addition of the acrylates solution, they were left in the nitrogen atmosphere for
30 min before starting the UV polymerisation. For the UV polymerisation, an OmniCure
52000 Lumen Dynamics (Mississauga (ON), Canada) equipped with a 200 W mercury
vapor short-arc lamp (with an emission spectrum of between 300 nm and 450 nm) was
used for 35 min. The grafted samples were rinsed and immersed in distilled water for
one day to release any adsorbed acrylates from the surface. Finally, the samples were
dried under vacuum conditions for 4 h before any characterisation of the modified surfaces
was performed.

2.5. Water Contact Angle (WCA)

The hydrophilicity of the modified surfaces was evaluated by static WCA measure-
ments using the Optical Tensiometer Attension Model Theta Basic by Biolin Scientific,
(Gothenburg, Sweden) at room temperature. MiliQ water with a droplet size of 3 pL
was used. The measurements were repeated at least 3 times for each sample at different
locations. Furthermore, contact angle values after 5 cycles of washing (one cycle of washing
consisted of immersing the sample in distilled water at 40 °C with 100 rpm agitation for
30 min) and after 2 and 3 weeks of storage were measured to evaluate the stability and
durability of the surface treatment. Contact angle measurements were also performed with
diiodomethane in order to allow the calculation of polar and dispersed components of
surface energy by the Owens, Wendt, Rabel and Kaelble Model (OWRK) equation [15].

2.6. XPS Analysis

X-ray photoelectron spectroscopy (XPS) analysis (E557-X-ray Photoelectron Spectro-
scope; Serial Nr. C332844/01; Model Axis Supra; Manufacturer Kratos, Manchester, UK)
was used to evaluate the chemical composition of the samples. Monochromatic X-ray
source Al Ko (1486.6 eV) was used for all samples and experiments with a take-off angle of
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90°. The residual vacuum in the X-ray analysis chamber was maintained at approximately
5.6 x 10~ Torr. The measurements were completed in a Constant Analyser Energy mode
(CAE) with a 10 mA emission current and 160 eV pass energy for the survey spectra and a
15 mA emission current and 40 eV pass energy for the high resolution spectra. Charge refer-
encing was completed by setting the lower binding energy C 1s photo peak at a 285.0 eV C
1s hydrocarbon peak.

2.7. UV-VIS Spectrophotometer

A UV-VIS spectrophotometer (Perkin Elmer Lambda 35, MA, USA) was used for the
determination of the film thicknesses of the treated materials. The spectra in transmit-
tance were collected in the wavelength range of 250-1100 nm with three repetitions. The
Swanepoel method was used for the calculation of the film thicknesses [16].

2.8. AFM Analysis

A Keysight Technologies 5500 Atomic Force Microscope (Santa Rosa, CA, USA) was
used to perform the AFM measurements. The measurements were performed in air in
tapping mode (Mac Mode) at room temperature. Silicone material cantilevers with a
spring constant of 13-77 N/m and radius < 10 nm were used. The images were analysed
using Keysight PicoView 1.20.3 and Gwyddion 2.57 software. All images were taken at a
3 um x 3 um surface area.

2.9. Anti-Adhesive Performance

Bacterial adhesion tests were performed according to the methodology previously
described [15]. Briefly, the samples were cut to a size of 1 cm x 1.5 cm and were first
cleaned with 1% detergent solution in an ultrasonic bath. Afterwards, they were immersed
in1 x PBS (phosphate buffer saline, pH 7.4: 137 mM NaCl, 2.7 mM KCl, 10 mM NayHPO,
and 2 mM KH,POy,) solution with an Escherichia coli-expressing YadA (an adhesin from
Yersinia enterocolitica) with an ODgggnm of 0.8 for 4 h [17-19]. After incubation, the PET
samples were removed and washed gently with 1 x PBS buffer to remove unattached
bacteria. A fluorescence microscope (Olympus BX51 from Olympus Lifescience, Tokyo,
Japan), at 60 x magnification, coupled with a DP71 digital camera, was used to visualise
the adhered bacteria with the fluorescence imaging at a 470-490 nm excitation and a
520 nm filter in the microscope optical path. The number of bacteria in each sample
was counted using Image]® 1.53j Software, and the reduction in bacterial adhesion was
further calculated.

3. Results and Discussion
3.1. Pre-Treatment of the PET Substrate

A plasma medium consists of electrons, ions, radicals and other charged species which
can be utilised for surface modifications. Polar groups such as amines, carboxylic acids,
alcohols, aldehydes and esters can form on the polymer surfaces upon plasma treatment,
which will eventually affect the wettability of the surfaces [2,10], and they can be used for
further modification. In this study, the plasma operation parameters—power and speed—
were found to significantly affect the surface properties modification process, and thus,
they required optimisation. Therefore, the effects of these parameters on the PET surface
properties were evaluated using the design of experiments methodology. A 22 full factorial
design was utilised, and the water contact angle (WCA), surface energy (SFE), average
roughness (R;) and chemical composition for the PET-treated samples were measured as
response variables (Table 2, Figures 1 and 2).
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Table 2. Water contact angles, surface energy, average roughness and chemistry values found for the
PET plasma-treated samples.

Wa:er forztact Surface Energy (mJ/m?) Ilzveral.slore Surface Surface Chemistry
Sample Speed Power ngle (°) oughness (nm)
(m/min) kW) s SFE SFE SFE o/C O Increase
Initial WCA Dispersed Polar Total Ra Ratio (%)
1 4 7.5 32+1 49+1 23+1 725+1 5+2 0.45 40.62
2 4 15 19+4 4941 284+1 77 £1 3.95 +0.03 0.46 43.75
3 12 7.5 37 +£10 49+1 21+5 70+ 5 4+1 0.37 15.62
4 12 15 25+4 49+1 26+ 2 75£2 4+1 0.41 28.12
5 8 11.25 28 +4 49+1 25+2 74 £2 5+2 0.37 15.62
6 8 11.25 28+3 50+1 29+3 79 £4 4+3 0.36 12.5
7 8 11.25 30+5 49+ 0.5 244+ 2 73 £2 7+1 04 25
Untreated 0 0 70+ 6 ©0+3 743 4944 341 0.32 0
Hinitial MWWCA 1week B WCA 2 weeks WCA 3 weeks WCA After Washing
90 -
80 4
i 1
70 A
60 -
- l l 1 I
< 50 -
=
40 4 I
30 A
20 -
10 -
0 T T T T T v
PET Untreated  PET 7.5 kW, PET 15 kW, PET 7.5 kW, PET15kw,  PET11.25kW,
4 m/min 4 m/min 12 m/min 12 m/min 8 m/min
Figure 1. Water contact angle values for the PET samples after plasma treatment.
(a) (b) (© (d) (e) ()
70° 32° 42° 60° 72"

Figure 2. Representative images of the variations in the water contact angles for the PET samples:
(a) untreated and (b) treated with 7.5 kW at 4 m/min. Samples (c—f) show the WCA variations for
sample (b) after (c) 1 week ageing, (d) 2 weeks ageing, (e) 3 weeks ageing and (f) after washing.

From Figures 1 and 2, at an initial stage, it was observed that the PET surface hy-
drophilicity created by the plasma treatment was not permanent as it showed a recovered
WCA after storing the samples at room temperature for up to 3 weeks and after washing.
With only five cycles of washing, the WCA reached the initial value of the untreated PET
(70 £ 6°). Additionally, the hydrophilicity loss due to ageing was lower for the sample
treated at 15 kW of power with the lowest speed (4 m/min), presenting a WCA value of
approximately 43 £ 2° after 3 weeks of storage. It is known that plasma-treated samples
recover their hydrophobic state over time. This recovery is explained by the rotation and
reorientation of the polymer chains and polar groups on the surface to reduce the interfacial
surface energy [20]. The ageing and washing tests clearly showed the samples” hydrophobic
state recovery. The recovery to the initial contact angle was significantly faster in water,
which was consistent with the results previously reported in the literature [21].
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Furthermore, Table 2 shows that the plasma treatment also changed the surface energy
properties, and as expected, an overall increase in total surface energy was observed, from
49 4+ 4 mJ/m? on untreated PET to values of between 70 and 79 mJ/m? on plasma-treated
samples. The contribution of the polar component of the surface energy was the main
element responsible for this increase, changing from 7 4- 3 mJ/m? on the PET control
sample to values of between 21 and 29 mJ/m? for the PET-treated samples.

Table 3 summarises the ANOVA statistical analysis for the initial WCAs after the
treatment, highlighting the significance of both of the process parameters, power and
speed, for this response. A Fischer’s test was used to evaluate the model significance. A
model F-value of 116.04 implied that the model was significant at more than 99.95% (in this
case, the p-value was found to be 0.0003, i.e., there was only a 0.03% chance that an F-value
this large could occur due to noise).

Table 3. Analysis of variance (ANOVA) for the linear model obtained for the initial WCAs.

Sum of Degree of Mean Statistical
Source Squares Fregedom Square F-Value p-Value Significance
Model 186.5 2 93.25 116.04 0.0003 Significant
A-speed 30.25 1 30.25 37.64 0.0036 -
B-power 156.25 1 156.25 194.44 0.0002 -
Residual 3.21 4 0.8036 - - -
Lack of fit 0.5476 2 0.2738 0.2054 0.8296 Not significant
Pure error 2.67 2 1.33 - - -
Cor total 189.71 6 - - - -

The analysis also indicated that the main factors, speed (A) and power (B), were
significant, as the greatest impacts on the model were provided by power, with a confidence
level of 99.98%, and speed, with a confidence level of 99.64%.

The curvature and residual lack of fit were found to be insignificant, and the proportion
of variance explained by the model, which was given by the multiple coefficients of
determination, R?, was found to be 0.9831, highlighting the model’s adequacy for predicting
the WCAs in the design space. The obtained final model equation (Equation (1)) for the
initial WCA after the treatment, in terms of actual factors, was:

Initial WCA (°) = 41.67857 4 0.6875 x Speed (m min~1) — 1.66667 x Power (kW) (1)

To improve the plasma pre-treatment process, the graphical optimisation tool from
Design-Expert® version 12 was used, with the intent of minimising the responses found for
the WCAs (fostering a more hydrophilic surface) and maximising the amount of oxygen
in comparison to the untreated sample. The upper limits (corresponding to the minimum
WCA) were set as 25° for the initial WCA after the treatment and 48° for the WCA after
2 weeks of ageing, and the lower limits (minimum percentage of oxygen increase) were set
at 30%.

Figure 3 shows overlay plots of power (B) versus speed (A) simultaneously for the
responses fulfilling these criteria (the yellow area). Observing the yellow shaded area, it
was possible to conclude that combining a plasma power above 12 kW and a treatment
speed lower than 6 m/min would enable achieving the desired conditions. As such, the
study was continued, setting the plasma pre-treatment conditions at the highest power
(15 kW) and lowest speed (4 m/min) before beginning the UV grafting process.

To reveal the chemical composition of the samples, X-ray photoemission was used. In
Table 4, detailed information about the carbon and oxygen bonds is listed. The peaks at
285.00, 286.58, 288.99 and 291.53 eV correspond to bonds typical of a benzene ring (C—C
and C=C), a methylene carbon singly bound to oxygen (~C-O-) and ester carbon atoms
(O-C=0), respectively. The peaks at 531.93 and 533.53 eV indicated the carbonyl oxygen
(O=C) and singly bonded oxygen atoms in the ester groups (O-C). The chemical changes in
the treated samples indicated by the XPS analysis mainly showed a decrease in C=C/C-C
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and an increase in -C-O-bonds, which was consistent with the expected replacement of
the hydrogen of the aromatic rings by the hydroxyl groups [22].

15 Overlay Plot
135 — initial WCA: 25
—~  1o_|WCA after 2 wks : 48|
2 L
§ O increase: 30 3e
g
@ 105
9
75 T T I
4 6 8 10 12

A: Speed (m/min)

Figure 3. Overlay plots of power (B) versus speed (A).

Table 4. Relative composition (in percentages) of the different chemical groups detected with the
deconvolution of the C 1s and O 1s spectra for the plasma-treated samples.

C1s O1s O/C Ratio
Peak Deconvolution C1 C2 C3 Cc4 o1 02 -
Functional groups C-Cand C=C -C-O- O-C=0 -C=C 0=C o-C -
Binding energy (eV) 285.00 286.58 288.99 291.53 531.93 533.53 -
Untreated PET 44.96 15.18 13.12 2.28 11.08 13.03 0.32
Plasma-treated PET
with 7.5 kW power and 37.33 14.25 14.16 3.17 12.74 17.99 0.45
4 m/min speed
Plasma-treated PET
with 7.5 kW power and 39.48 15.94 14.18 2.34 10.69 16.12 0.37
12 m/min speed
Plasma-treated PET
with 15 kW power and 35.29 15.94 14.3 2.27 15.99 15.52 0.46
4 m/min speed
Plasma-treated PET
with 15 kW power and 38 16.56 14.06 1.95 12.43 16.49 041
12 m/min speed
Plasma-treated PET
with 11.25 kW power 43.46 15.09 12.78 1.59 12.93 14.3 0.38

and 8 m/min speed

The chemical compositions of the PET samples revealed an increase in the O 1s/C 1s
ratio from 0.32 to approximately 0.40 after the plasma treatment (Table 4), with the highest
ratio of 0.46 found for the PET sample treated at 15 kW power with a speed of 4 m/min.
The changes in chemical composition with the introduction of these new chemical groups
resulted in an increase in the hydrophilicity of the polymer surface, as indicated by the
results of the WCA measurement, which showed a decrease in WCA from 70 + 6° for the
PET control to WCAs of less than 30° for the PET-plasma treated samples.

The plasma treatment could also be used to etch away surface molecules and modify
the surface topography by increasing the average roughness, R,, when enough energy
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was applied [10]. In this way, the adhesion of a coating can be improved by increasing
the contact points between the coating and the polymer surface [6]. The plasma-treated
and the untreated PET samples were further subjected to AFM analysis to verify whether
morphological changes had occurred in the PET surface topography (Figure 4). As can be
seen from Figure 4, the untreated PET surface was slightly smoother (R; = 3 nm) compared
to the plasma-treated samples (R, values ranging from 4 to 7 nm).

25

o 0.5 1 1.5 25 3 um E . 2 3 pum

74 nm

2

25

35nm

pum

Figure 4. Surface topography images from AFM: (a) the untreated PET sample, and the plasma-
treated samples with (b) 7.5 kW power and 4 m/min speed, (¢) 15 kW power and 4 m/min speed,
(d) 7.5 kW power 12 m/min speed, (e) 15 kW power and 12 m/min speed and (f) 11.25 kW power
and 8 m/min speed.

3.2. Grafting of PET with Acrylates

Although the plasma treatment was effective for generating local hydrophilicity on the
PET, the treatment was not permanent and there was a recovery of the surface hydrophobic-
ity over time. To obtain a hydrophilic surface with a higher stability, the surfaces could be
further modified with acrylates through the formation of active species, such as peroxides
and hydroperoxides, to initiate the grafting process [10]. The proposed functionalisation
mechanism with a plasma treatment and grafting by UV photopolymerisation can be seen
in Figure 5. Even though it was not possible to identify the peroxide functional groups
generated in this study, several authors have reported a similar trend with increased plasma
power and time [10,23]. Thus, the lowest speed (4 m/min) and highest power (15 kW) were
used to treat the samples with plasma prior to the grafting of the sodium acrylate (NaAc)
and 3-sulfopropyl acrylate potassium salt (KAc). To incrementalise the plasma effect, the
plasma treatment was repeated three times before beginning the UV polymerisation.
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Untreated PET

Plasma

;L.
. Ul . _

Atmospheric
air plasma polymerisation

Figure 5. Proposed mechanisms for the atmospheric plasma treatment and the UV grafting polymeri-
sation of the acrylates on the PET surface.

The plasma-treated samples were further modified with acrylates under UV light,
which resulted in significant WCA reductions to 8 £ 3° (modification with NaAc), making
it highly hydrophilic, and to 28 & 13° (modification with KAc) (Table 5). The ageing tests
showed that the WCAs increased to 14 £ 4°, 17 4 9° and 16 =+ 8° after 1, 2 and 3 weeks
of storage for the NaAc-grafted samples, respectively, and the WCAs remained at 28-30°
for the Kac-grafted samples. The washing tests for the NaAc-grafted samples suggested
that the UV grafting procedure provided stability and durability to the surface treatment.
However, the hydrophilicity of the Kac-treated samples after 10 washing cycles showed
strong variations in the WCA results, as can be seen in Table 5, indicating that this acrylate
might have led to a lower treatment uniformity. Additionally, the total surface energy of the
samples increased from 49 £+ 4 m]J/ m? to 75 & 1 mJ/m? for the NaAc-grafted samples and
to 66 & 7 m]/m? for the Kac-grafted samples due to high increases in the polar components
of the surface energy (to 38 4- 2 mJ/m? and 33 & 7 mJ/m? for the NaAc- and Kac-modified
surfaces, respectively).

Table 5. WCA, surface energy and average roughness values of the untreated, NaAc-treated and
Kac-treated PET surfaces.

. WCA after  WCA after 10 SFE SFE SFE
Samples V\I]rg[t;zg) 5 Washing Washing ‘{Vv(\:]ge;f:f; ;N V\(I:etlzsﬂ(eol; ;N \/Sﬁeljit(e"r) Dispersed Polar Total R, (nm)
Cycles (°) Cycles (°) (mJ/m?) (mJ/m?) (mJ/m?)
Untreated PET 70+ 6 N/A N/A N/A N/A N/A 42 +3 7+3 49 +4 27+09
NaA;E;aﬂed 843 843 1449 14+4 17+9 16+8 3743 38+2 75+1 3+1
Kacijgé%ﬂed 28+ 13 33+10 55 + 27 30+ 11 30+ 8 28+ 10 33+3 33+7 66+7  24+03
No-plasma
NaAc-grafted 39425 54 +12 58 + 10 - - - - - - -
PET
No-plasma
Kac-grafted 23+18 58 + 16 77 +7 - - - - - - -
PET

In order to confirm the effects of the plasma pre-treatment on the acrylate-grafting
enhancement, the same UV grafting process was performed without any prior plasma
pre-treatment, and the samples were labelled no-plasma NaAc-grafted PET and no-plasma
KAc-grafted PET (Table 5). Under these conditions, the values found for the WCAs
were significantly higher, indicating the positive effect of the plasma pre-treatment on the
surface modification of the PET in preparation for the UV polymerisation procedure with
the acrylates.

Figure 6 shows that the surface topography, as visualised by the AFM analysis, of the
three-time plasma pre-treated surfaces had rougher surfaces, with R, values of 10 & 2 nm,
and the structures resembled nanoparticle-modified surfaces. Moreover, the surface to-
pographies of the NaAc- and Kac-treated surfaces showed smoother structures, with
average roughness values (R;) of 2.62 nm for NaAc and 2.35 nm for KAc, similar to the
untreated PET sample. The difference in surface nanostructure also corroborated the
successful surface modification via photopolymerisation. The unfocused surface appear-
ance of the NaAc- and Kac-treated surfaces indicated that the AFM tip was not effective
at displacing the polymer brushes and that the polymer brushes concealed the surface
topography [24].



Coatings 2023, 13, 715

10 0f 13

3 um
95 nm

um um

Figure 6. Surface topography images obtained by AFM for the (a) plasma-treated PET, with 15 kW
power and 4 m/min speed; (b) NaAc-grafted PET; and (c) Kac-grafted PET.

In addition to the structural study, the thicknesses of the polymeric brushes were
measured by a UV spectrophotometer using the Swanepool method, and they were found
to be 28 & 2 um for both the NaAc- and Kac-grafted PET surfaces. This value was thicker
than the conventional grafting thickness reported in the literature, and it can expand the
uses of this type of polymer brush [25,26].

3.3. PET Anti-Adhesiveness

Finally, bacterial anti-adhesion studies were performed using E. coli expressing YadA,
which is an adhesin from Yersinia entrocolitica [19]. Bacterial adhesins such as YadA are
known to promote bacterial adhesion and biofilm formation and provide resistance to
bactericidal compounds [19,27,28]. Adhesins mature the bonding between bacteria and
the substrate, leading to irreversible adhesion [27]. Thus, it is important to study bacteria
with such highly bonding adhesins. The bacterial adhesion onto the untreated PET and
the NaAc- and KAc-treated PET samples can be seen in Figure 7. It was evident that the
NaAc- and Kac-treated surfaces successfully prevented bacterial adhesion compared to the
untreated PET surface. In order to quantify the effect of these modifications on the bacterial
adhesion, the data gathered in Figure 7 were further analysed using ImageJ® software. The
total number of cells attached to the surfaces per area (Figure 8) were counted and used to
calculate the reductions in bacterial adhesion. The bacterial adhesion was reduced by 90.8%
in the NaAc-grafted PET and by more than 99.9% in the KAc-grafted PET surfaces. The
anti-adhesive behaviours of these types of surfaces are thought to be due to their higher
hydrophilicity and surface energy [7,17]. In this way, a hydration layer is formed on the
top of the surface, making it difficult for bacteria to approach [29]. According to a recent
review, this reduction can be considered highly effective compared to other modifications
on PET substrates [2].

10 pm

Figure 7. Fluorescence microscopy images of the Escherichia coli BL21 cells harboring pRSFduet_GFP
and pASK_IBA2_YadA plasmids: (a) the untreated PET sample, (b) the NaAc-treated PET sample
and (c) the KAc-treated PET sample.
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Figure 8. Number of bacteria (determined by the flourescence microscopy analysis) that attached to
the untreated and treated PET surfaces after incubation for 4 h. The data are presented as means +
SDs (n = 6).

4. Conclusions

Plasma and UV treatments are cost-effective, sustainable and environmentally friendly
processes, and a combination of the two can successfully avoid the use of the photoinitiator
needed for UV polymerisation while increasing efficiency. Furthermore, to the best of our
knowledge, the combination of UV photopolymerisation (with KAc and NaAc acrylates)
with atmospheric plasma has not been studied for PET substrates.

A preliminary statistical analysis of the plasma treatment parameters showed that
power and speed were significant variables influencing the surface WCAs, and the highest
power and a lower speed should be used to increase the plasma effect on the PET surface.
Using these conditions, plasma pre-treated PET surfaces were successfully modified with
NaAc and KAc, creating hydrophilic surfaces with WCAs of lower than 10° for the NaAc-
grafted samples. The studies on sample washing and ageing showed that the NaAc-treated
samples remained durable under the tested conditions while the KAc-treated samples
exhibited some surface heterogeneity.

Finally, the bacterial anti-adhesive performances of treated surfaces were evaluated
with E. coli-expressing YadA, and both modified surfaces were able to inhibit bacterial
adhesion by more than 90%. The combination of these two technologies can bring several
benefits to the modification of conventionally hydrophobic substrates beyond being easily
industrialised. Furthermore, achieving surfaces with grafting thicknesses at the level of
micrometres can have other potential uses, such as implants and reservoirs to release
therapeutic agents, due to higher membrane selectivity and reduced friction.
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