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In this study, we fabricated hierarchical structures on the surface of polyurethane acrylate (PUA) film and
demonstrated that the film displays antibacterial properties. PUA resin was coated on a commercial
porous anodized aluminum oxide (AAO) template and was UV-cured using nanoimprint lithography. This
led to the formation of 150 nm diameter pillars on the surface of PUA film. Following this, zinc oxide
structures were grown on the surface of this imprinted PUA sample using a hydrothermal method. The
scanning electron microcopy and Fourier transform infrared spectroscopy results confirmed the
presence of ZnO on the surface of the PUA film. The antibacterial behavior of the fabricated sample was
demonstrated against Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa)
as model bacteria. The results show that PUA film with 150 nm diameter pillars had moderate
antibacterial properties against both S. aureus and P. aeruginosa. The presence of zinc oxide (ZnO)
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structures improved the film's antibacterial property to ~100% against P. aeruginosa. However, the
presence of ZnO structures on PUA film is shown to have no effect against S. aureus. This can be
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1. Introduction

Antibacterial materials have gained a significant amount of
interest in recent years with an aim to inhibit and prevent the
growth and proliferation of bacteria."™ Antibacterial materials
play a significant role in combating the spread of bacterial
infections and hence have found applications in healthcare, food
packing and water treatment.>® A wide variety of strategies and
fabrication approaches have been employed in the design of
antibacterial materials."®™® A typical approach used to produce
antibacterial materials is to incorporate antibacterial agents, such
as biocides or chemicals into the material.” However, the effec-
tiveness of these materials largely depends on the distribution of
the antibacterial agents and their interaction with the surround-
ing environment. One promising approach to produce antibacter-
ial materials involves surface modification and the introduction of
textured surfaces.'® Surface structures play a key role in determin-
ing the antibacterial properties of the material, as they influence
surface characteristics such as surface energy, roughness, and
wettability."* Introducing surface textures ensure that the material
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attributed to the shape and size of the fabricated ZnO structures.

can inhibit bacterial attachment and colonization on the surface,
as the surface structures directly interact with the bacteria.>®**
Various types of surface structures, such as micro and nano-
textures, as well as hierarchical structures, have been developed
and explored for their potential antibacterial applications.' ">
Micro and nanostructures can interact with bacterial cells in
various ways. They can physically interact with the bacterial cells,
leading to their rupture. They also can create a repulsive charge
that inhibits the bacterial cells from adhering.>'** It is argued
that the mechanism of interaction between the surface struc-
tures and bacterial cells depend on the size and aspect ratio of
the structures, as well as the type of bacteria involved.” Achieving
precise control over the morphology of surface nano- and micro-
structures is key to maximizing their antibacterial effectiveness.
Techniques such as chemical modification, physical patterning
using nanoimprint lithography, electrospinning and surface
coating have been used to produce micro and nanoscale struc-
tures on polymer films using.'®*”*°>! Among these techniques,
nanoimprint lithography (NIL) has emerged as a powerful
technique for fabricating surface structures with precise control
over their size, shape, and orientation.>” This technique involves
the transfer of patterns from a template to a substrate using
pressure and heat or using pressure and a UV source. It results in
highly precise and efficient fabrication of micro and nanoscale
structures on the surface of the polymer film. Inorganic metal
oxide nanoparticles have also been shown to be antibacterial.>*™”
For example, zinc oxide (ZnO) particles are shown to be
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antibacterial against Gram-positive and Gram-negative
bacteria.*®* Nanoparticles of ZnO employ a few mechanisms of

actions against bacterial cells. They generate reactive oxygen
species (ROS), bind to proteins and DNA and cause disturbance
of the bacterial DNA amplification.”® Studies have used ZnO
nanoparticles and distributed them in a polymer matrix to impart
antibacterial properties to the polymer.***> They show that the
presence of ZnO enables the polymer composite to kill and inhibit
the growth of bacteria.

In this study, we employed nanoimprint lithography to
produce 150 nm diameter pillars on the surface of polyurethane
acrylate (PUA) film. Following this, we employed a hydrothermal
method to grow secondary zinc oxide (ZnO) nanostructures on
the surface of these imprinted PUA film. Subsequently, we
demonstrated the antibacterial properties of these structures
against Gram-positive Staphylococcus aureus and Gram-negative
Pseudomonas aeruginosa. Our findings indicate that the hierarch-
ical structures demonstrate excellent antibacterial properties
against P. aeruginosa. However, the presence of ZnO did not
improve the antibacterial properties against S. aureus. One
possible reason could be that the density of ZnO was not
adequate to fully eliminate S. aureus. In future studies, we plan
to adjust the processing parameters to control the aspect ratio
and density of ZnO structures with an aim to achieve the most
optimal antibacterial properties.

2. Materials and methods

2.1. Materials

Polyurethane-acrylate (PUA, MINS-301RM) precursor was obtained
from Minuta Tech. Co. Ltd (Korea). Porous anodized aluminium
oxide (AAO) templates with ~150 nm pore size was obtained from
Shanghai Shangmu Technology Co., Ltd (Shanghai, China).
1H,1H,2H,2H-Perfluorooctyl-trichlorosilane (PTCS), triethylamine,
zinc acetate dihydrate, hexamethylenetetramine (HMTA), zinc nitrate
hexahydrate, poly(vinyl alcohol) (PVA, with average molecular weight
130000) were obtained from Sigma-Aldrich (Macquarie Park, NSW,
Australia). Dimethylformamide (DMF), acetone, ethanol and isopro-
panol were obtained from CSA Scientific (Gillman, SA, Australia).

2.2. Preparation of PUA film with hierarchical structures

PUA precursor was spin coated on the surface of a porous AAO
template (150 nm pore diameter). AAO template coated with PUA
layer was placed between two Teflon films and was transferred to
the Compact Imprinting tool (CNI, NIL Technology ApS, Kongens
Lyngby, Denmark). A vacuum pressure of 1 bar was applied during
the imprinting step to enable the flow of PUA into the pores of AAO
template. Following this, the set up was exposed to a UV source for
1 min (50% power) to cure PUA. Cured PUA film was demoulded
from the AAO template to reveal 150 nm sized pillars on the surface
of PUA. PUA film with 150 nm diameter is called Sample 1.

2.3 Fabrication of ZnO nanostructures

ZnO nanostructures were grown on Sample 1 using a hydro-
thermal method as reported in literature.>*® ZnO structures
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were grown on Sample 1 by treating it with a ZnO seed solution
and a ZnO growth solution. To prepare the seed solution,
1.0975 g of zinc acetate dihydrate (0.1 M) was dissolved in
50 ml of isopropanol solution along with 0.01 g of polyvinyl
alcohol at 85 °C for 1 h using a hot-plate stirrer. 0.1 M
triethylamine was added dropwise into this solution until it
turned from cloudy to clear solution. This reaction was
remained at 85 °C for 10 min. Following this, the solution
was aged at room temperature for 3 h. Growth solution was
prepared by dissolving 1.928 g of hexamethylene tetramine
(HMTA) (0.025 M) in 550 ml of deionised (DI) water. 4.09 g of
zinc nitrate hexahydrate (0.025 M) was added to this solution
and stirred for 24 h using a magnetic stirrer.

Sample 1 was first dipped into the seed solution for 8 min
and then rinsed with ethanol. Subsequently, it was heat treated
in an oven at 120 °C for 1 h and dried in air for 24 h. This
enabled the deposition of a uniform ZnO seed layer on Sample 1.
Following this, the sample was dipped in the growth solution.
The set up was then placed in a closed glass vial and heated at
95 °C for 8 h. In the final step, the sample was washed with DI
water. This PUA sample with 150 nm diameter pillars and ZnO
nanostructures is referred to as Sample 2.

2.4 Characterization

Hitachi TM4000 (NewSpec Pty Ltd Australia) tabletop scanning
electron microscopy (SEM) was used to examine the surface of
both samples. Before the examination, the samples were sputter
coated with a thin layer of platinum (18 mA, 60 s) using a sputter
coater (Safematic CCU-010 HV sputter coater, Microscopy Solu-
tions Pty Ltd, Australia). Accelerating voltage of 5 kV was used
during the SEM visualization.

Energy dispersive spectroscopy (EDS) (Hitachi TM3030 Plus
with Brucker EDS, NewSpec Pvt Ltd Australia) was used for the
elemental analysis. The samples were coated with a thin layer of
carbon using a sputter coater before they were analysed using EDS.

2.5 Fourier transform infrared (FTIR)

Shimadzu spectrometer (IRAffinity — IS) was used to determine
the presence of ZnO on the Sample 2. The IR spectra were

obtained in the wavenumber range of 3600-700 cm ' in

transmittance mode and at the resolution of 4 cm ™.

2.6 Bacterial culture and incubation

The antibacterial properties of the samples were tested against
S. aureus and P. aeruginosa. The tryptone soy broth (TSB) was
used to grow these types of bacteria for a period of 18 h with
conditions at 37 °C and 200 rpm. The final bacterial suspension
was collected and diluted to obtain ODgg, = 0.1 in TSB medium
for antibacterial inhibition testing. The antibacterial behaviour of
the samples was investigated by testing the surface. Briefly, the
samples were cut into squares with dimensions of 1 cm x 1 cm.
Next, they were glued to a silicon wafer using a double-sided tape.
Subsequently, they were placed in each well of the 24-well plate.
400 pl bacterial suspensions (S. aureus and P. aeruginosa) of early-
log-phase bacterial culture (diluted in TSB, ODgoo = 0.1) were
added to the wells containing the samples. The well plate was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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incubated for 18 h at 37 °C under static circumstances. After
incubation, the samples were gently washed with PBS twice to
prepare for confocal laser scanning microscopy. The cells were
examined using a confocal laser scanning microscopy (CLSM).
The Living/DEAD® BacLightTM Bacterial Viability Kit, L7012
(Molecular ProbesTM, Invitrogen, USA), was used to quantify
the percentages of living and dead cells. This kit comprised of
fluorescent dye SYTO® 9 and propidium iodide (PI). 10 pl of
diluted LIVE/DEAD™ BacLight™ dye solutions was placed on
surface of Sample 1 and Sample 2, followed by the incubation
in the dark for 15 minutes. SYTO® 9 is able to enter all bacterial
cells where it binds to nucleic acids and emits a green fluorescent
signal. Propidium iodide (PI) has a higher affinity for nucleic acids
than SYTO® 9 and enters only severely damaged and dead cells.
The wavelengths that are used to excite the luminescence of
SYTO™ 9 and PI were 485 nm and 488 nm laser respectively.
Dual emission filter of CLMS was set up to inspect both live
bacterial cells in green (SYTO9, Ex/Em 480/500 nm) and dead
bacterial cells in red (PI, EXEm 490/635 nm). Three surface
images of the sample were randomly selected for use in the
analysis of the ratio of viable to dead cells. Zen Black and Image]
analysis software (Version 9.3.0, Bitplane, Ziirich, CHE) were used
to investigate the surface photos, and the percentage of green and
red pixels with a diameter of around 4-600 nm was counted to
establish the antibacterial level.*®

3. Results and discussion

Certain natural materials such as cicada wings and dragonfly
wings, have evolved to display mechano-bactericidal behaviour
due to the presence of nanostructures on their wings.'**” These
surface nanostructures physically interact with bacterial cells,
leading to their inactivation or destruction.'®*” Researchers
have also fabricated synthetic antibacterial materials by intro-
ducing nanoneedles, nanowhiskers and other nanostructures
onto the surface of polymer films.>***° These synthetic
materials with surface nanostructures are shown to display
similar mechano-bactericidal behaviour as their biological
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counterparts. The sharp nanostructures puncture the bacterial
cell membranes, causing the leakage of cellular contents and
ultimately resulting in the death of bacterial cells.**™** In this
study, we produced hierarchical structures on the surface of
PUA film and demonstrated that these structures enable the
PUA to exhibit antibacterial properties.

Initially, PUA prepolymer is coated on the surface of porous
AAO template. UV-based nanoimprinting is then used to obtain
the negative replica of porous AAO template onto the PUA film,
resulting in the formation of structures on the surface of the
PUA film as shown in Fig. 1(A). These structures are visible as
150 nm sized pillars on the surface of the PUA film. In the
subsequent step, a hydrothermal method is utilized to grow
ZnO nanostructures on the imprinted PUA film surface.
Fig. 1(B) displays a SEM image of the sample obtained after
the growth of ZnO nanostructures. The SEM image reveals the
presence of uniformly formed, thorn-like ZnO structures on the
entire surface of the sample. The image also shows that these
ZnO structures grow on top of the 150 nm diameter pillars,
which are still present on the surface.

Following this, energy dispersive X-ray spectroscopy (EDX)
was used to determine the elemental composition of PUA film
with hierarchical structures. EDX was also used to confirm the
formation of ZnO nanostructures on the sample. Fig. 2 shows
the EDX spectrum and the elemental map image of PUA film
with the hierarchical structures. The elemental map and the
spectra clearly reveal the presence of various elements, includ-
ing zinc and oxygen, with the strong signals corresponding to
Zn, O, C and N elements. The peaks observed at 0.3 keV, 0.5 keV
and 1.0 keV within the spectra are attributed to the emissions
from the K-shell of carbon, K-shell of oxygen, and L-shell of
zinc, respectively. The presence of ZnO on the PUA sample is
confirmed using EDX. No additional peaks are evident in the
spectrum, which indicates the formation of pure ZnO nanos-
tructures on the PUA film via hydrothermal method.

FTIR spectroscopy was utilised to confirm the presence of
ZnO. Fig. 3 displays the FTIR spectra of neat PUA film, Sample 1,
and Sample 2. The peaks of PUA film and Sample 1 are found to
be identical, indicating that the formation of 150 nm diameter

)

Fig. 1 Scanning electron microscopy (SEM) images of the (A) Sample 1 (PUA film with 150 nm diameter pillars) and (B) Sample 2 (PUA film with

hierarchical structures).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pillars on Sample 1 did not affect its chemical composition.
However, FTIR spectra of Sample 2 exhibit additional peaks at
1339 and 1556 cm ™', which can be attributed to the symmetric
and asymmetric O-C-O stretching vibration of the carbonate
anion respectively. Sample 2 also shows bands at ~1650 and
~1340 cm ™! that correspond to the asymmetric and symmetric
C=O0 stretching modes.*>** The band at 1040 cm™" can be
attributed to the ~-CH,, vibration. The sharp peak at ~720 cm™"
is due to H-O-H bending vibration, attributed to the presence of
water during crystallization. Thus, the EDX spectra and the FTIR
spectra confirms the formation of ZnO on the surface of the
PUA film.

Following this, the antibacterial behaviour of the samples is
examined against P. aeruginosa and S. aureus. For comparison
purposes, antibacterial behaviour of control (with no film) is
also recorded. It is clear from Fig. 4, that the control sample has
mostly live P. aeruginosa cells. Compared to the control sample,
Sample 1 displays an enhanced antibacterial effect in killing P.
aeruginosa cells. This can be attributed to the surface energy of
the Sample 1. Similar findings are reported by Valiei et al.*® in
their study, where they investigated the role of surface wett-
ability on the adhesion of P. aeruginosa cells. Surfaces that are
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Fig. 3 FTIR spectra recorded for Sample 1 and Sample 2. For comparison,
FTIR spectra is also recorded for neat PUA film.
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(A) EDS images of Sample 2 demonstrating the presence of ZnO, and (B) EDX mapping images of Sample 2.

more hydrophilic are shown to be more effective in killing
P. aeruginosa cells. PUA is an inherently hydrophilic material.
It is known that the presence of surface microstructures on a
hydrophilic material helps to enhance its hydrophilicity. The
increase in hydrophilicity can be attributed to its moderate
antibacterial behavior against P. aeruginosa cells. On the other
hand, almost 100% antibacterial effect is demonstrated by
Sample 2 against P. aeruginosa cells. Their antibacterial beha-
vior can be attributed to the presence of ZnO. These ZnO
structures release zinc ions that have an ability to penetrate
the bacterial cell membrane thereby disrupting the functions of
the cells and resulting in the death of the cells.>*" Gram-
negative bacteria such as P. aeruginosa have a thin peptidogly-
can layer, which provides them with antimicrobial resistance.
In addition to this, they also have carboxyl groups present
in the membranes, which helps them to generate negative
charges on the surface of the cells. The zinc ions produced by
ZnO nanoparticles have positive charges. The electrostatic
gradient differences across the negatively charged bacterial
cells and positively charged zinc generates the electrostatic
force, which plays a role in damaging the cell membrane.*®
Fig. 4 also shows that the Sample 1 has a similar response
against S. aureus cells. The antibacterial effect of Sample 1
against S. aureus is determined to be ~16%. One possible
explanation is that the hydrophilic surface inhibited the S.
aureus cells from adhering to the surface. Sample 2 did not
demonstrate any enhanced antibacterial effect against S. aur-
eus. The antibacterial behavior of both Sample 1 and Sample 2
against S. aureus cells are found to be similar. One possible
explanation for no improvement in antibacterial effect of
Sample 2 against S. aureus could be that the ZnO structures
appear to be agglomerated as evident in the SEM image
(Fig. 1(B)). It is also known that Gram-negative bacteria are
more susceptible to nanoparticles and nanostructures com-
pared to Gram-positive bacteria. The peptidoglycan layer is
10 times thicker in Gram-positive bacteria compared to the
Gram-negative bacteria. The thicker layer of peptidoglycan
provides a physical barrier and helps in protecting the bacterial
cell. Hence, the rupture of Gram-negative bacteria is easier.
It also indicates that the ZnO particles have to sharper to
pierce the cell walls of Gram-positive bacteria such as S. aureus.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Confocal microscopy images taken from the surface of the samples to demonstrate their antibacterial behaviour against P. aeruginosa and
S. aureus. The green and red color within these images represent the live and dead bacterial cells respectively. (A) image of control sample with
P. aeruginosa; (A1) image of Sample 1 with P. aeruginosa; (A2) image of Sample 2 with P. aeruginosa; (B) image of control sample with S. aureus; (B1)
image of Sample 1 with S. aureus; and (B2) image of Sample 2 with S. aureus; (C) antibacterial rate determined for Sample 1 and Sample 2 against P.
aeruginosa; and (D) antibacterial rate determined for Sample 1 and Sample 2 against S. aureus.

This is also supported by the literature, where they argue that
the shape of ZnO has a significant effect on its antibacterial
behavior against S. aureus.>*®*” Studies also report that the
density of ZnO and the time of interaction between the ZnO
and S. aureus also determines its antibacterial effect. Sharper
and smaller sized ZnO structures are reported to be more toxic
as they can easily penetrate the bacterial cell membrane.
Babayevska et al.”’ also showed that the antibacterial effect of
ZnO decreases when its specific surface area is reduced. Thus,
S. aureus bacterial strain is sensitive to the size, aspect ratio and
density of ZnO particles. Our future work will focus on varying

© 2023 The Author(s). Published by the Royal Society of Chemistry

the size and aspect ratio of ZnO structures and investigate its
role on its antibacterial effect against S. aureus.

4. Conclusion

This study demonstrated the potential of using nanoimprint
lithography and a hydrothermal method to produce hierarch-
ical structures on polymer films. In the first step, nanoimprint
lithography is used to produce 150 nm diameter pillars on the
surface of a PUA film. Following this, a hydrothermal method is

Mater. Adv,, 2023, 4, 4151-4158 | 4155
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used to grow ZnO nanostructures on the surface of the imprinted
PUA film. SEM images demonstrated that the 150 nm diameter
pillars are uniformly formed throughout the surface of the PUA
film. ZnO structures are formed on the surface of these nanopil-
lars. Following this, the antibacterial behaviour of the sample is
investigated against model P. aeruginosa and S. aureus bacterial
cells. The antibacterial results demonstrated that the fabricated
sample possesses remarkable efficacy in killing P. aeruginosa
bacteria. It is effectively in killing ~100% of the P. aeruginosa
bacterial cells. This is attributed to the presence of ZnO nanos-
tructures on the surface of the sample. On the other hand, the
sample displayed moderate success in killing S. aureus bacteria.
This is attributed to the shape and size of the ZnO nanostructures
formed on the surface of the samples. Further work will be
performed to improve the efficacy of these materials. However,
the fabrication technique adopted to produce such hierarchical
structures show tremendous promise for use in medical devices
and wound dressing materials.
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