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Highlights

1. Structures from the metallic master can efficiently be replicated to the plastic replica
using the soft replication technique.

2. The roughness of the laser treated metallic surfaces was increased after laser treatment
and the roughness of the replicated PDMS surfaces was higher than the roughness of the
non-textured PDMS surface.

3. The laser-irradiated Ti-alloy formed hydrophobic surfaces whereas the wettability of the
replicated PDMS surface was close to the superhydrophobicity.

4. The number of adhered bacteria was much reduced on the replicated polymer textured
surfaces compared to that on the non-textured polymer surfaces.

5. The approach of laser surface structuring and soft replication provides an efficient
strategy for producing hydrophobic and antiadhesive surfaces on polymeric materials.
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Abstract

Polymer materials including paints and objects are widely used in our daily life. Keepping them
free from bacteria without the use of any actibacterial agents is of high interest to the public. In
this paper, we demonstrate a method for significantly reducing bacteria adhesion and growth
on a polymer surfaces by generating a specific surface micro/nano structure. A metallic
template was prepared using laser micro/nano surface texturing on Ti6Al4V surfaces. Then the
negative surface structure was transferred onto a polydimethylsiloxane (PDMS) polymer using
soft lithography. Staphylococcus aureus (S. aureus) retention assays were used to determine
the number of retained bacteria on the replicated polymer surfaces. Results showed that on all
the replicated plastic surfaces, the number of adhesive bacteria was much reduced (up to a
fivefold reduction) compared to that on the non-textured polymer surfaces. This was largely
due to the reduced wettability with a water contact angle close to 150° on the replicated polymer
surface that contained specific micro/nano structures. This finding could lead to potentially
applications for reducing bacteria adhesion or fouling on painted surfaces (e.g. ship hulls) and
plastic objects (e.g. phones and computer keyboards) using nanostructure transfer from metal

templates by, for example, stamping and hot/cold embossing and injection moulding.
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1. Introduction

Biofilm formation and colonisation are initiated by bacterial attachment to the surfaces followed
by bacterial adhesion and retention on the surface. The build-up of biofilms may result in health
problems in the medical field and potential biofouling issues in industrial settings. Efforts were
taken to control the behaviour of bacteria. The first step of bacterial attachment to a surface is
goverened by physicochemical factors which are affected by surface chemistry and topography
[1]. In the literature, conflicting results about the influence of hydrophobicity on initial bacterial
attachment are found [2-13]. Another step of bacterial adhesion and retention to a surface is
influenced by the substratum roughness and topography [1, 8-12]. Many studies have been
carried out to investigate the effect of surface topography on bacterial retention [5-12, 14-20].
Some of the reported works focused on studying the bacterial behaviour on polymer surface [8-
12]. However, the exact influence of surface properties on bacterial retention is still poorly
understood. Topographic properties of a surface may be characterised by using an average
surface roughness value (R,). Other roughness parameters, such as R, (root-mean-square
roughness) or R, (peak to valley roughness), may be used to describe surface topographical
characteristics. The geometrical shape and surface free energy of the surface features also affect

the bacterial behaviour [1, 4, 8-12, 21, 22].

Forming micro/nanostructures by texturing surfaces have been used in a wide range of
applications. For example, it has been used for modifying the optical properties and the
wettability characteristics of surfaces, controlling cells adhesion and proliferation, and
modifying bio-implants [13, 23-26]. Different techniques, such as photolithography, moulding,
machining, laser-texturing and plasma treatment have been used to generate different surface
topographical characteristics [27]. Laser processing has the advantage of providing diverse,

relatively simple and environmentally friendly solutions [28, 29].

From an economic perspective, surface micro-/nano-texturing could be cost effective for small
areas [30]. Thus, the development of low-cost as well as highly reproducible micro/nano surface
texturing techniques has been receiving growing attention. However, as the production of large
area micro/nanostructures takes considerable amount of time, replication on plastic surfaces
using the metal moulds would be a far more productive and economical method to produce

textured surfaces [31]. The development of a moulding technique to produce numerous replicas



of functional structures is a possible way forward for practical biological and industrial

applications [31].

The replication of laser textured surfaces on polymer surfaces has been reported using several
replication processes like injection mould and soft lithography [32-40]. The authors in the cited
works focused on studying the wettability and transparency characteristics of the generated
polymer replicas. Moreover, the effect of laser surfaces structuring of metallic substrates on
bacterial behaviour have been reported [5-7, 13]. However, limited number of work has been
reported on studying the adhesion and fouling characteristic of replicated laser textured metallic
surfaces on polymer [41]. Therefore, in this study, a picosecond laser was used to generate a
range of micro/nano surface topographies on Ti substrates. This was followed by the application
of soft lithography to negatively replicate the Ti structures on polydimethylsiloxane PDMS
plastic substrates. The effects of micro/nanostructures replication on wettability and bacteria

retention were characterised and discussed.
2. Material and methods
2.1 Surface preparation

Prior to laser treatment, Ti6Al4V (Ti-alloy) sheet (master molds) of 1 mm thickness was
ultrasonically cleaned by immersion for 10 minutes in acetone, ethanol and de-ionised water,
respectively. Subsequently, two Ti6Al4V master molds were prepared by surface texturing
using an Edge Wave picosecond laser (ps) at a 1064 nm wavelength, a 103 kHz repetition rate,
a 125 um spot size and a 10 ps pulse duration in the air with no assisting gas (Table 1). The
laser beam scanning was performed using parallel line patterning. By using to different laser
processing parameters two surfaces were produced: low roughness surface using high speed
and fluence and high roughness surface using low speed and fluence. After the laser treatment,
the samples were ultrasonically cleaned with ethanol for 10 minutes to remove any ablated
debris or contamination and then they were dried using compressed air. A negative replica of
laser-fabricated Ti6Al4V structures was produced on PDMS (SYLGARD 184, DOW
CORNING). A viscous liquid prepolymer of PDMS was prepared by mixing a curing agent in
aratio of 10:1 v/v. Subsequently, the mixture was placed into a vacuum chamber to remove any
residual air bubbles. Afterwards, the original laser-textured Ti6Al4V surfaces, as well as the
untreated surfaces (control), were covered with the prepared viscous liquid PDMS. After

leaving the samples for 24 hrs, the PDMS polymers that held the negative replica of the original



patterns were peeled off the Ti6Al4V sheets. Fig. 1 shows the schematic diagram of surface

preparation.

Table 1
Laser scanning parameters for inducing two different surface textures on Ti-alloy substrate. Til and Ti2 are two
surface topographies generated using two different laser processing parameters.

Surface Fluence Scanning speed Hatch distance
[J/cm?] [mm/s] [mm]
Control None None None
Til 0.178 10 10
T2 0.138 1 10
laser
Laser textured Ti-6Al-4V substrate
Ti-6AI-aV — Ti-6Al-4V

\

PDMS polymer

PDMS polymer
Ti-6Al-4V

Fig. 1. Schematic diagram of surface preparation. Ps laser textured the Ti-alloy surface for generating
micro/nano-textures (Til & Ti2). Then using soft replication method, the negative replica of Ti structures were

produced on PDMS polymer substrate.
2.2 Surface characterisation

Following the replication of the Ti surface on the PDMS polymer sheet, the nanostructured
surfaces were morphologically characterised using Philips XL30 FEG-SEM (SEM). The
surfaces were examined using Keyence X200K, a 3D confocal laser microscope (CLM)
(KEYENCE, USA) fitted with a 150X objective lens to determine the substratum macro- and
micro-topographies. The instrument control and data analysis were performed using VK
analyser software (KEYENCE, USA). Values of R, (average surface roughness), R, (root mean
square roughness) and R, (peak to valley roughness) were recorded for each tested surface.
Also, selected line scans were used to determine the surface nanostructure height, depth and

width of the peaks and valleys.



2.3 Wettability measurements

Static contact angle (CA) measurements were performed via a drop sessile method using a
contact angle analyser FTA 188. Briefly; 6 ul droplets of DIW were allowed to contact the
prepared Ti and PDMS surfaces. The average contact angles were recorded. All measurements

were performed in triplicate.
2.4 Bacterial retention examination

A single colony of S. aureus (ATCC, 43,300 methicillin-resistant strains) was inoculated in one
hundred millilitres of lysogeny broth (LB) (Sigma-Aldrich, Dorset, UK) and incubated with
shaking overnight for 24 hrs at 37°C. Following the incubation, cells were harvested at 3500
rpm for 10 minutes. Subsequently, the harvested cells were washed three times and re-
suspended up to an optical density (OD) = 1.0 £ 0.1 at 540 nm in lysogeny broth (LB). A serial
dilution was used to count the average colony forming units per millilitre (CFU/ml). Then, 10°
dilutions were chosen. The prepared surfaces and the control (without texturing) were sterilised
using ethanol then placed into sterile petri dishes. An amount of 25 mL of cell suspension at
OD = 1.0 was added, and the surfaces were incubated for 24 hrs at 37°C without agitation. The
surfaces were washed gently with distilled water using a water bottle at a 45° angle, with a 3
mm nozzle. The surfaces were then dried in a laminar flow hood for 1 hr, and then the samples
were prepared for SEM examination. After drying the samples bearing cells, they were
immersed in a 4 % glutaraldehyde (Agar, UK) solution at 4°C overnight. The samples were
immersed sequentially in each of the following ethanol (Sigma-Aldrich, UK)/water mixtures
(30 %, 50 %, 70 %, 90 % and 100 % v/v ethanol) for 10 minutes and then dried for 1 hr. Imaging
was performed using a Philips XL30 FEG-SEM and 10,000X magnification. Three replicate
substrates were tested. Five different areas were imaged using the SEM for each coupon

totalling final number cell counts (n = 15) for each tested surface.
3. Results

Picosecond laser ablation was used to fabricate periodic 3D nanostructures on titanium. SEM
images and confocal laser microscope images of the surfaces demonstrated that the Ti6Al4V
surface had been altered, through melting, vaporisation and solidification to produce a range of
different regular surface features at the macro/microscale. Fig. 2a-c present respective SEM
micrographs of the Ti6Al4V surfaces after laser texturing. It is clear that the control surface had
a shot-finished irregular structure with convex pits (Fig. 2a, al and a2). The Til surface

demonstrated surface features that were long and oval in length with striations in between the



surface features (ripples or laser-induced periodic surface structures, LIPSS), (Fig. 2b, b1l and
b2). The Ti2 surface revealed the largest overall surface features that were generally rounded
with non-uniform circumferences (Fig. 2c, ¢l and c2). These properties were subsequently
negatively transferred to PDMS-replicated surface as presented in Fig. 2d-f. It is clear that the
control surface was more of a flat-finished one with some irregular peaks (Fig. 2d, d1 and d2).
S1 was the polymer replica of Til and S2 was the polymer replica of Ti2. The S1 surface (Fig.
2e, el and e2) showed surface features with periodic structures and sharp irregular peaks
intervening between them. The S2 surface (Fig. 2f, fl1 and 2) revealed surface features that

appeared as rounded non-uniform holes covered with submicron holes.



Fig. 2. SEM images and surface topography of (a) as received control Ti-alloy surface, (b) laser-textured Ti-
alloy surfaces (Til), (c) laser-textured Ti-alloy surface (Ti2), (al) 3D CLM image of Ti control, (b1) 3D CLM
image of Til, (c1) 3D CLM image of Ti2, (a2) line profile of Ti control, (b2) line profile of Til, (c2) line profile
of Ti2, (d) replicated untreated Ti control on PDMS surface, (e) replicated Til on PDMS surface (S1), (f)
replicated Ti2 on PDMS surface (S2), (d1) 3D CLM image of PDMS control, (e1) 3D CLM image of S1, (f1) 3d
CLM image of S2, (d2) line profile of PDMS control, (e2) line profile of S1 and (f2) line profile of S2.



On the one hand, the line profile of laser-textured Ti surfaces (Fig. 2a2-c2) showed that the
maximum (peaks width / height, valleys width / height) of the control, Til and Ti2 were (1.7 /
0.4,3.0/0.3),(1.4/0.8,1.1/0.3)and (2.5/0.9, 3.3/ 0.8), respectively. The line profile of the
PDMS-replicated surfaces (Fig. 2d2-f2), on the other hand, demonstrated that the maximum
(peaks width / height, valleys width / height) of the control, S1 and S2 were (3.2 /0.4, 1.66 /
0.36), (1.11 /0.3, 1.34 / 0.7) and (3.1 / 0.68, 2.1 / 0.74), respectively. Once again the surface
features of the Ti2 surface and its replication (S2), in terms of the peak (width and height) and
the valley (width and depth), were the largest in size. The roughness values for the surfaces
demonstrated that the control Ti surface had the lowest R, value (0.29 um) of the laser-treated
Ti samples. There was a significant difference in surface roughness between the control surface
and Til (0.52 pm) and Ti2 (1.38 um). The control PDMS surface also presented the lowest R,
(0.33 um), compared with the PDMS-replicated surfaces, and there was a significant difference
between the R, values for the S1 (0.495 um) and S2 (1.032 um) surfaces (Fig. 3). The R, values
for the laser-texture surfaces, Til (0.68 um), Ti2 (1.41 pm), S1 (0.634 um) and S2 (1.265 pum),
were also significantly greater than the control Ti (0.374 um) and the control PDMS (0.414
um). The R,, (peak to valley roughness) values obtained for Ti2 (9.37 um) and S2 (8.7 pum)
were significantly higher than the one obtained for Ti-alloy control (3.28 pm) and the PDMS
control (3.642 um). The replicated control PDMS surface presented a slightly higher R,, R, and
R, values, comparative to control Ti, while S1 and S2 presented smaller values compared to

Til and Ti2.
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Fig. 3. Surface roughness values using confocal laser microscopy for (a) the laser-textured Ti surfaces compared

to unmodified substrate and (b) PDMS-replicated surfaces compared to control PDMS.

Fig. 4 presents the water contact angles of laser-textured surfaces (Fig. 4a) after one month of
laser processing and replicated PDMS surface (Fig. 4b). It is clear that the laser-modified
surfaces (Til and Ti2) and the PDMS replicated surfaces (S1 and S2) presented higher contact
angles, when compared to unmodified Ti surface and its PDMS replication. Surface structuring
increased the contact angle from 83.07° +2.7° to 130.8° £ 3.5° on Ti, and from 102.42° = 3.51°
to 148.33° = 1° on PDMS. After laser treatment, the Ti surfaces were initially superhydrophilic
with CA = 0°; they changed to be hydrophobic two months after the laser processing. Linking
the wettability data with surface roughness date (Fig. 3), it is clear that structuring the surface
increased the surface roughness and decreased the surface wettability. The wettability of the
replicated PDMS surfaces presented a slightly higher CA than the CA of the laser-textured Ti

surfaces.
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Fig. 4. Contact angle measurements of laser textured surface (a) and replicated PDMS surfaces (b). The contact

angle of structured surfaces is higher than that unmodified surface. C for PDMS unstructured surface.

The test of bacterial attachment and retention was carried out for the replicated PDMS surfaces.
Following the bacterial assay, it was found that there was a significant difference in the
attachment of bacteria on the replicated PDMS surfaces (S1 and S2), when compared to the
control PDMS surface without surface texture (Fig. 5). The bacteria attached to the control
surfaces were arranged in clusters; whereas, they were spreaed over the S1 and S2 surfaces.
Following the retention assays, the number of adhered cells, after incubation for 24 hrs, was
significantly different on all the surfaces with the least number of cells (15 cells) being adhered
to the S2 surface, followed by the S1 surface (51 cells). There were significantly more cells

adhered to the control surface (82 cells) compared with S1 and S2 (Fig. 6).
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Fig. 5. SEM images of PDMS replicated surfaces following retention assay on (a) control unstructured PDMS surface, (b) S1 and (c) S2; white scale bar is 2 um.
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Fig. 6. The average number of bacteria retained on the surfaces following retention assays. S2 showed less

number of attached bacteria comparing with S1 and unstructured PDMS surfaces.

4. Discussion

An understanding of how surface properties affect retention of bacteria helps in designing or
modifying surfaces to discourage bacterial fouling. Modifying the metal surfaces and
replicating the structure to a polymer material is an efficient way of minimising the
manufacturing time and cost for producing surfaces for different industrial and medical
applications. In this work, the laser-textured Ti-alloy structures were replicated on PDMS

polymer using soft lithography.

Different surface structures were produced on the Ti6 Al4V surface depending on the used laser
treatment parameters. During the ultrashort laser exposure, a significant proportion of the laser
energy was absorbed by the free electrons resulting from a thermalisation process [42]. At
sufficient laser fluence, surface modification as a result of ablation, melting and solidification
can take place. The change of surface morphology and roughness of the laser-textured samples
is related to the change in laser scanning parameters including pulse energy, the extent of line
overlapping, the number of pulses per spot, and the physiothermal properties of the substrate
being treated. In the current study, pulse overlapping was estimated to be 99.92 % and 99.99
% at scan speeds of 10 mm/s (Til) and 1 mm/s (Ti2), respectively. Line overlapping was
estimated to be 92 % at a respective hatch distance of 10 um. Pulses per spot were estimated
to be ~1290 (Til) and 12900 (Ti2). As the overlapping and the number of pulses were high,
the greater laser energy input produced a heat accumulation effect that resulted in the different
observed structures. Using a higher scanning speed of 10 mm/s to produce the Til surface, the
extent of pulse overlapping was lower than that estimated using 1 mm/s and thus the thermal
effect was relatively low, which resulted in the generation of structures with a lower surface

roughness. This structure was characterised as a (LIPSS). The formation of the narrow peaks



was due to rapid cooling of overheating liquid explosion, and re-solidification [43]. In the case
of Ti2, the generated structure of the surface after the laser processing was characterised as
conical. As this surface was prepared, using a | mm/s scanning speed and 10 pm hatch distance,
the pulse overlapping of laser was high, resulting in higher amount of energy deposted over a
small surface area which in turn may have resulted in enhancement of absorption of laser
energy. Following the first pulse, re-solidified particles formed. The upcoming pulses hit the
same area of the first pulse. Therefore, enhancement of energy absorption and local overheating
occurred owing to a nearfield enhancement mechanism resulting in local heating of the
material, melting and ablation forming these conical structures [44, 45]. The rounded conical
structure was covered by sub-micron features which were formed as a result of sintering of

particles of ablated substrates [46].

The replicated negative surfaces presented different structures which were the opposite of the
laser-textured Ti surfaces. In the case of S1, the surface presented periodic structures with some
peaks between them. These periodic structures were the replication of the LIPSS structure
while the small peaks were the replication of sub-micron holes of Til. Regarding S2, the
surface presented big craters with sub-micron holes covering the area of the big craters. The
big crater structure represented the opposite of conical structure, and the small sub-micron
holes were the replication of sub-micron features that covered the conical structure of Ti2. By
comparing the negative replicas with original Ti surfaces (Fig. 3), it was clear that there was
not high difference between the surfaces roughness values between original Ti surfaces and
polymer replicas. The replicated control PDMS surface presented a slightly higher R,, R, and
R,, values, comparative to control Ti, while S1 and S2 presented slightly smaller values
compared to Til and Ti2. Indeed, this reflects the accuracy of using this method in replication
process. The accuracy of replication method might be related to the wettability of Ti surfaces
and the used polymer since the surfaces after laser treatment were superhydrophilic, the

polymer was easily penetrated in the features resulting in good accuracy of replication.

It was noticed that for all produced surfaces (laser-textured Ti surfaces and replicated PDMS
surfaces) with the roughness inceased, the wettability decreased as a result of increasing the air
trapped between features of the surface. Surfaces of higher roughness (for samples prepared
using Ti2 and its PDMS replicated surface) were of lower wettability. This behaviour can be
explained by the Cassie state because such surfaces have a large roughness consisting of
nanostructures combined with sub-micron and nanostructures. A layer of air was trapped

between features preventing wetting of the surfaces. These findings was in line with the



findings by Cheng et al (2013) [47] who showed that an increase the roguhness also increased
the air trapping which in turn affected the CA. It was also noticed that with decreasing the
surface roughness (by increasing the speed to 10 mm/s), the contact angle (CA) was slightly
decreased. The CA of PDMS replicated surfaces showed a slightly higher CA than those of the
laser-textured surfaces. This might be related to the low surface tension of polymer in

comparison with metals [48].

In this work, it was observed that the number of adhered bacteria to the surface was low on the
replicated patterned polymer, compartive to the control. Replicated textured polymer reduced
the bacterial adhesion by 38 % (S1) to 82 % (S2) compared with the unpattered PDMS surface
(control). Bacterial adhesion and fouling on surfaces with various topographies have been
extensively studied before. However, there has been no general consensus concerning the effect
of surface topography on bacterial retention. This may be owing to the range of examined
topographies (nano, micro and macro) and other associated changes to the surface properties.
It has been reported that the retention of microorganism might increase with increasing surface
roughness due to larger surface areas [49]. With increasing surface roughness of the correct
size scale, the contact area between the surface of the microorganism and the substrate
increases, which may enhance the attachment of bacteria [50]. Conversely, other studies
concluded that there might be no correlation between surface roughness and bacterial retention
[5, 51]. The results of the current work show that bacterial retention was lower for the replicated
surfaces with textures for the largest surface features and roughness. As such, the reduction of

bacterial surface adhesion could be attributed to other reasons.

All the surfaces were hydrophobic, and the hydrophobicity was higher for the replicated
surfaces with the texturing (S1 = 139°, S2 = 148") compared with unpattern polymer (control
=102%). By comparing the wettability test with bacteria adhesion test, it can be noticed that the
bacterial adhesion decreased with increasing surface hydrophobicity and the highest surface
hydrophobicity was associated with the lowest bacteria adhesion on the replicate patterned
PDMS surfaces. The results of this work are in line with several reported investigations in
which it has been reported that the surface of higher hydrophobicity are more able to resist the
bacterial cells compared with hydrophilic and moderate hydrophobic surfaces [52]. The results
also was in harmony with Dou et al (2015) [53], Lu et al (2016) [9] and Friedlander et al (2013)
[54] works in which the authors reported that that surfaces hydrophobicity play an important
role in reducing the bacterial attachment. In this work, it was noticed that, after laser treatment,

the roughness of the surface promoted the Cassie state of the patterned surfaces by maintaining



of entrapped air between roughening features. This entrapped air layer may play an important
role in suppressing bacterial adhesion to surfaces by reducing the contact area at the interface
of the surface features and bacteria and hence leading to a decreasing adhesion force. Thus, for
the replicated textured polymer surfaces (S1 and S2), as the surface roughness increased, air
trapped between features was increased resulting in increasing the contact angle to more than
130°, and prevention of complete wetting through the surface which are possible reasons
behind the reduction of the contact area between bacteria with the surface leading to less
bacterial adhesion. Findings of this work was in line with Vasudevan et al (2014) [12] findings
who reported that maintaining rough surface with Cassie state might hinder the bacterial

attachment on polymer surfaces.

Multiple aspects of surface properties affect the adhesion of bacteria to surfaces. In this work,
it has been concluded that surface wettabillity played important factors affecting bacterial
adhesion. A small-scale roughness on a hydrophobic surface can hinder the contact of bacteria
with the surface by the entrapping air between features of the surface, and a washing such
surfaces might allow an easy removal of adhered bacteria. The results of this study might

provide guidance for the future development of antibacterial materials
5. Conclusions

In this study, ultrashort picosecond laser micro-/nano-fabrication was used to form
micro/nanostructures on a metallic mould surface and transferred to plastic by soft replication.
The findings of this work showed that the laser-irradiated Ti-alloy formed hydrophobic
surfaces with contact angles of approximately 130°. The replication on plastic showed that soft
replications can accurately replicate patterns from the metallic master to the plastic replica. The
functionality of PDMS-negative mold CA was also close to a superhydrophobic reading at
around 149°. The surface hydrophobicity resulted in a superior antiadhesive PDMS surface and
bacterial retention was much reduced. This approach of laser surface structuring and soft
replication presented in this work provides a highly efficient, low-cost, and highly reproducible
strategy for the development of hydrophobic and antiadhesive surfaces on polymeric materials

by replication from metallic moulds or stamps.
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