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1 | INTRODUCTION

Super-liquid-repellent surfaces are normally characterized

Abstract

Adhesion of contaminants on various polymer-based devices during fluid-
substrate interactions is a common problem that can cause biofouling and
corrosion. In this study, hierarchical structures with submicron features on
polypropylene (PP), high-density polyethylene (HDPE), and polycarbonate (PC)
are fabricated by femtosecond laser ablation. The effect of the hierarchical
structures on surface wettability, droplet impact, and bacterial attachment has
been examined. Our results demonstrate that the structured polymeric sub-
strates facilitate large contact angles and minimal interfacial adhesion, allowing
droplets to roll off at a low angle of inclination below 5°. Further, rendering the
hierarchical structures with a low-surface-energy coating can enable the surfaces
to exhibit superamphiphobic properties. The low interfacial adhesion properties,
as accounted by the large contact angles and small contact angle hysteresis, of
such surfaces prevent bacterial attachment and biofilm formation. The findings
provide a design principle for creating affordable biofouling resistant surfaces
with a submicron topography that can be used for engineering and biomedical
devices.
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superhydrophobic surfaces, associated with the spheri-
cal shape, allows the droplet to roll off at a low angle
of inclination below 10°.1*] Super-liquid-repellent sur-

by a high apparent receding contact angle (greater than
140°).'] For example, droplets of water placed on a super-
hydrophobic surface will adopt a nearly spherical shape,
with the contact angle ranging between 140° (for the reced-
ing contact angle) and 180° (for the advancing contact
angle).l?] The minimal contact area of a droplet with

faces are typically reliant on nano-structured protrusions
coated with a low-surface-energy layer, although surfaces
with doubly re-entrant micro-overhangs alone can facili-
tate large contact angles without being hydrophobized.!*]
In any case, it is important to ensure the protrusions
are produced in such a way that they prevent the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
© 2023 The Authors. Nano Select published by Wiley-VCH GmbH.

Nano Select 2023;1-10.

wileyonlinelibrary.com/journal/nano | 1


https://orcid.org/0000-0001-7510-2886
mailto:n.gao@bham.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/nano

| WILEY @i

JITNIYOM ET AL.

droplet from penetrating the surface structure. This is
essential for the Cassie-Baxter wetting state, where the
droplet is partially suspended on top of the surface
protrusions.[> 8] Surfaces that enable the droplets to exist
in the Cassie-Baxter wetting state can be potentially uti-
lized in various industrial applications, including corro-
sion protection, >!°! self-cleaning materials,!""! anti-icing
wind turbines,!'?! antifouling membranes,!*! directional
liquid transportation,!'*] and so forth.

For superhydrophobic surfaces that repel droplets of
water, which has a high surface tension of around 72
mN m~!, the protrusions can be simple vertical micro-
pillars. Such micro-pillars are found on a number of
superhydrophobic surfaces in nature, such as lotus leaves,
[15] but can also be synthesized by lithography and
reactive-ion etching techniques.!'*®] However, there are
hardly any known natural surfaces that exhibit a con-
tact angle greater than 150° for low-surface-tension flu-
ids. To achieve a superamphiphobic state that repels
both polar and nonpolar fluids, the surface protrusions
must be defined with more complex geometries than
simple micro-pillars. For example, hierarchically struc-
tured porous surfaces have been demonstrated to show
superamphiphobic properties.[*!2°] These porous sur-
faces consist of randomly aggregated nanoparticles, which,
nonetheless, collectively exhibit nanoscopic overhanging
structures. Droplets placed on the surfaces will be sup-
ported by a combination of overhangs and air cushions. It
should also be noted that the air cushion trapped under-
neath the droplet represents a major characteristic of
super-liquid-repellent surfaces. Recent studies have even
demonstrated that the absence of an air cushion can sig-
nificantly boost bacterial adhesion.!?'~2* By contrast, the
air cushion minimizes the effective contact area between
the liquid (e.g., bacteria-containing droplets) and the sur-
face, thus reducing the interfacial adhesion.[2*] However,
the complex morphology associated with the porous sur-
faces normally requires expensive or lengthy fabrication
processes.

Recently, it has been demonstrated that femtosecond
laser ablation can be used to manufacture superhydropho-
bic surfaces.!?>"?] Taking advantage of its high scanning
speed and pulse frequency, this technique offers the pos-
sibility to generate well-defined micro-structures in a
single-step process. Furthermore, the generated surface
structure can be rendered with superhydrophobic prop-
erties without the need of additional low-surface-energy
coating, which is attributed to the adsorption of long-
chain hydrocarbons (organic compounds) from airl?®! or
decomposition of carbon dioxide into carbon subjected to
the laser treatment. [2°] As such, femtosecond laser abla-
tion can enable high throughput processing of complex 3D
microstructures for superhydrophobic surfaces.

In this work, we make use of femtosecond laser ablation
to directly fabricate hierarchical structures that facili-
tate super-liquid-repellence on various polymeric sheets
(Figure 1), including polypropylene (PP), high-density
polyethylene (HDPE) and polycarbonate (PC). Droplets of
water on these polymeric substrates with laser-induced
topographies can roll off at a low angle of inclination
below 5°, implying minimal interfacial adhesion. We also
note that the PC surfaces decorated with submicron struc-
tures can be further treated with a low-surface-energy
coating to achieve superamphiphobicity. In addition, our
studies demonstrate that the structured surfaces suppress
bacterial attachment, showing potential applications in
preventing biofilm formation and growth.

2 | RESULTS AND DISCUSSION

The topographies of the resultant surfaces directly pro-
duced by laser ablation are shown in Figure 1. The
microscale patterns are distributed evenly on all three
types of substrate surfaces. Specifically, the resultant mor-
phology on the PP surface (Figure 1B-D) was composed
of sub-micrometer scale textures that exhibited spherical
shapes on top of microscale clusters. One could identify a
similar morphology on the HDPE surface (Figure 1E-G),
which exhibited more microscale pores than the PP sur-
face. Further, the PC (Figure 1H-J) surface exhibited
distinct hierarchical features that combine microscale pro-
trusions and submicron structures, implying that the PC
surface had a greater capacity for entrapping air pockets.
Nonetheless, it should be noted that the fabrication pro-
cess led to many pores or cavities on all of these surfaces.
The 3D profiles of each surface, with the arithmetical mean
height (Sa) and the developed interfacial area ratio (Sdr),
are shown in Figure 2. The measured values of Sa for PP
and HPDE surfaces were 1.09 and 0.98, respectively, while
PC surfaces featured the highest roughness of 1.87. Further,
the Sdr of PC was 49.78%, which is significantly higher than
that of HDPE (12.13%) and PP (16.67%). This indicates that
the additional surface area contributed by the texture as
compared to the planar definition area on the PC surface
was higher than PP and HDPE surfaces, consistent to the
feature revealed by the SEM images.

The contact angles were influenced by the pattern
of the surfaces (Figure 3), depending on the material
property of each polymer substrate. For the untreated PP,
HDPE and PC surfaces, the static water contact angles
(WCA) were around 103°, 102° and 92°, respectively.
However, the contact angle hysteresis (CAH), defined as
the difference between the advancing contact angle (6,4,)
and the receding contact angle (6,,.), is greater than 10°
for all three types of bare surfaces, as shown in Table 1.
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FIGURE 1

A, Diagram of the preparation process for the surfaces by steering a femtosecond laser beam directly onto a substrate. SEM

images of the PP (B-D), HDPE (E-G) and PC (H-J) surfaces after laser ablation under different magnifications.

Roughening the surfaces with a femtosecond laser
(Figure S1) resulted in a significant increase in the WCA
for all three types of polymeric substrates. Indeed, the
contact angle hysteresis became far smaller after the laser

TABLE 1
angle (6,..) and contact angle hysteresis (6,) of water droplets on
different types of surfaces.

Advancing contact angle (6,4,), receding contact

Surface types 0,40 (7 0,

Bare PP 104.8 +0.7° 8529 +1.2° 19.46 +1.1°
PP rough 148.37 +£3.8° 139.17 £2.8° 9.19+15°
PP rough +FAS 150.73 £2.9° 146.15+4.2° 458 +1.7°
Bare HDPE 108.6 +4.6° 9313 +1.7° 15.48 + 3.7°
HDPE rough 15218 + 0.5° 142.8 + 1.6° 9.37 +1.5°
HDPE rough + FAS 152.09 +2.1° 14647 +3.7° 5.62+17°
Bare PC 104.02 +1.8° 88.37 +1.9° 15.64 +1.4°
PC rough 148.7 £ 2.2° 14488 +21° 3.82+1.5°
PC rough + FAS 152.29 +1.2° 147.84 +0.9° 4.44+0.9°

ablation, being around 9°, 9° and 4° for the PP, HDPE
and PC structures, respectively. In addition, coating the
surfaces with (1H,1H, 2H, 2H-perfluorooctyl) silane (FAS)
made the contact angle hysteresis exhibit similarly low
values of around 5°. Hence the textured surfaces with the
low-energy coating are now denoted as superhydrophobic,
because of their large water contact angles and small
contact angle hysteresis.

In addition, the wettability of the surfaces has been
probed against hexadecane which has a lower surface ten-
sion (around 27 mN m™!) than water..*°] As shown in
Figure 3, both the bare substrates and the laser-roughened
substrates (denoted as “rough”) were highly wettable by
hexadecane, with low contact angles (smaller than 20°)
and experimentally unmeasurable contact angle hystere-
sis. Using (1H,1H, 2H, 2H-perfluorooctyl) silane for this
instance was advantageous to lower surface energy and
prevented the liquid from spreading on the surfaces. For
example, the receding contact angles (Table 2) of hexade-
cane increased to around 81° and 102°, respectively, on
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(D)
Sa Sdr
PP 1.09+0.01 16.67+0.3%
HDPE 0.98+0.01 12.131+0.8%
PC 1.87+0.08 49.78+5.6%

FIGURE 2 A-C,3D profiles of the topographies on PP, HDPE and PC, respectively. D, Measured roughness (Sa) and developed

interfacial area ratio (Sdr) of each surface.

roughened PP and HDPE surfaces coated with (1H,1H, 2H,
2H-perfluorooctyl) silane. In particular, the contact angle
of hexadecane on PC reached 140°, indicating that the low-
surface-energy coating enabled the roughened PC surfaces
to become superamphiphobic. Furthermore, the contact
angle hysteresis of hexadecane on the treated surfaces was
significantly decreased to 33° for PP, 26° for HDPE and 12°
for PC.

A range of droplet impact experiments were carried out
to monitor the behaviors of the droplets when colliding
with the surfaces. The snapshots of the droplet impacts
were captured at a frame rate of 2000 fps. Figure 4 indicates
that the structured surfaces directly obtained from laser
ablation can repel the impacting water droplets (9 uL).
This is in contrast with the bare substrates characterized
by the large contact angle hysteresis, which did not allow
the impacting droplets to bounce at all from the release
height of 15 mm (v =0.54 m s}, We =10.45, Videos S7-S15).
Specifically, the impacting droplets spread rapidly (within

TABLE 2 Advancing contact angle (8,4,), receding contact
angle (6,,.) and contact angle hysteresis (6,) of hexadecane droplets
on different types of surfaces.

Surface types 040 Orec 0,

PP rough + FAS 113.8 + 0.8° 80.9 +1.5° 329+1.7°
HDPE rough + FAS 1279 +0.2° 102+ 0.1° 259 +0.2°
PC rough + FAS 152.4+0.8° 1402+0.7° 122+1°

4.5 ms) to reach the maximum extension upon hitting the
bare substrates, assuming a pancake shape. This was fol-
lowed by a retraction phase toward the impact point before
the droplet finally stabilized, adhering firmly to the sur-
face. On the other hand, the droplets rebounded upon
impacting the HDPE and PC surfaces with hierarchical
structures that entrapped air pockets, indicating the sur-
faces featured low adhesion. However, for the PP surfaces
directly obtained from laser ablation, of which the surface
morphology was dominated by the microscopic texture,
only a partial rebound was observed. Nonetheless, apply-
ing the low-surface-energy coating on the surfaces made
it possible for the impacting droplets to bounce multi-
ple times before the droplets stabilized on the surfaces. It
was also possible for the droplets to roll off from the sur-
faces with small tilting angles. For surfaces resultant from
direct femtosecond laser ablation, water droplets rolled
off at a tilting angle of around 10°. In contrast, water
droplets rolled off from the superhydrophobic and super-
amphiphobic surfaces at smaller tilting angles of 2-4°
(Videos S1-S6).

To explore the application of the liquid-repellent sur-
faces, we have also tested their antifouling capacities.
Figures 5 and 7 depict the results of the antifouling test
using laser scanning confocal microscopy (LSCM) and
SEM. The detailed test procedures of this study can be
found in Section 4. In brief, the bacterial attachment for
the bare substrates was studied as a baseline to compare
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. %-X-]

101.63+0.7°

147.57£1.3° 149.43£1.3°
e A _Q_ 2
145.9412.1° I 148.56£0.9°

12.5+1.5° 14.6+1.5° 94+5°

91.87£1.5°

. A

Hexadecane

103.4+4.4°
17.3 +4.5° 19.3+4.5°
140.5 + 2.6°
14.1+2.7° 13.2+3.8°
- E

FIGURE 3
on different surfaces. The untreated substrates are denoted as
“Bare”, the laser-ablated substrates are denoted as “Rough”, and the
laser-ablated substrates further coated with (1H,1H, 2H,
2H-perfluorooctyl) silane are denoted as “Rough + FAS”.

Contact angles of water and hexadecane droplets

with the treated surfaces. The fluorescent samples of bare
surfaces (Figure SA-C) display large colonies of the fluo-
rescent bacteria. In particular, the attached bacteria could
even form colonies, for example, on the bare PC surface,
instead of individual bacteria. By contrast, the textured
surfaces (Figure 5D-F) of HDPE, PP and PC obtained from
direct laser ablation were covered with individual bacteria,
forming significantly less coverage in comparison with the
untreated bare surfaces. Notably, there were only sparse
and isolated bacteria on the coated superhydrophobic and
superamphiphobic surfaces (Figure 5G-I) which had small
contact angle hysteresis (< 5°). Indeed, bacterial attach-
ment was consistently prevented on the textured surfaces,
as evidenced by the confocal microscopy and SEM images.
It is thus noted that the low droplet adhesion of these
surfaces, regardless of the presence of low-surface-energy
coating, led to minimal levels of bacterial attachment in
comparison with the control surfaces (bare substrates).
This is likely resultant from the presence of entrapped
air pockets, which remained at the apparent solid/liquid
interface while the surfaces were exposed to bacterial sus-
pension, creating a lower actual bacterial contact area. Fur-

— D

thermore, we quantified bacterial attachment by counting
the number of bacteria on the LSCM images using ImageJ
(Tables S2-S4 and Figures S2-S11). Figure 6 shows the
coverage of bacteria that were attached to the surfaces, pro-
viding a quantitative antibiofouling effect. Specifically, the
coverage decreased to 1.07 + 0.5% on the laser-roughened
PP surface and 0.15 + 0.1% on the coated superhydropho-
bic PP surface from 6 + 4.1% on the bare PP surface. The
superhydrophobic HDPE surface reached 0.88 + 0.73%
which is smaller than the bare (4.87 + 1%) and the laser-
roughened HDPE (2.41 + 1.4%) surfaces. Furthermore, the
coverage of bacteria on the superamphiphobic PC surface
was merely 0.03 + 0.02%, significantly lower than that on
the bare (25.95 + 3.5%) and laser-roughened PC surfaces
(5.53 + 1.8%). We have also observed a similar trend from
the SEM images (Figure 7), where the bare substrates
showed more coverage of colonies than the superhy-
drophobic and superamphiphobic surfaces. The purpose
of this investigation was to demonstrate whether the liquid
repellent surfaces were effective in delaying or preventing
bacterial attachment. Indeed, several studies!®!?] have
shown that superhydrophobic surfaces exhibiting the
Cassie-Baxter wetting state are less susceptible to bacterial
attachment than hydrophobic or hydrophilic counterparts,
because of the presence of air pockets entrapped within
the surface structure.[?>?*] Our results indicate that the
surface coverage on the textured surfaces was lower,
regardless of the existence of the low energy coating,
than that on bare surfaces. We note that the variation
in the coverage between different samples gives rise to
the error bars. Nonetheless, overall, the textured surfaces
with liquid-repellent properties can effectively reduce
bacterial attachment by facilitating minimal interfacial
contact.

3 | CONCLUSION

In summary, our main objective was to develop structured
surfaces with super-liquid-repellent properties, and to
evaluate their antifouling capacity. Femtosecond laser
ablation was utilized in this work to create such structures
on various polymeric substrates, which facilitated min-
imal adhesion for droplets of water and/or hexadecane.
Water droplet bouncing and rolling under different surface
conditions were investigated to further characterize the
wettability of the fabricated surfaces. Specifically, superhy-
drophobic wetting properties were realized by generating
hierarchical structures through femtosecond laser abla-
tion on the polymeric substrates. Additional modification
of the structures with low-surface-energy coating made
it possible for the surfaces to exhibit superamphiphobic
properties. Notably, our findings demonstrated that the
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at approximately 0.54 m s~! and We = 10.45. The volume of the droplet is 9 uL.

Snapshots of water droplets impacting the surfaces recorded using a high-speed camera. The frame rate is 2000 fps, velocity
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Rough + FAS
(&)

FIGURE 5 Images investigating E. coli bacteria expressing green fluorescent protein (GFP) (green spots) under LSCM. The bacterial

suspension was incubated on the polymeric surfaces of PP, HDPE and PC: (A-C) bare substrates, (D-F) laser-ablated substrates and (G-1)
laser-ablated substrates coated with FAS. E. coli expressing GFP was visualized at an excitation wavelength of 488 nm. The scale bars are

around 50 pm.

hierarchically structured surfaces with liquid repellent
properties significantly reduced bacterial attachment,
which was even more pronounced for the superam-

presence of air cushions for the tested surfaces. These
findings are useful for understanding bacterial attachment
in real life and, hence, the design of anti-biofouling

phiphobic surfaces. Such results are attributed to the surfaces.
40
2 r
35 SPP HDPE oPC
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30 |
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FIGURE 6 The coverage of bacterial attachment on the surfaces.
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FIGURE 7

4 | EXPERIMENTAL SECTION

Fabrication of micro-structures on polymeric surfaces

PP, HDPE and PC sheets with a thickness of 1 mm were
purchased from Sigma Aldrich and cut to individual pieces
with a size of 25 X 25 mm. The micro-structures on these
thermoplastic substrates were fabricated using a femtosec-
ond laser machining workstation (LS5, LASEA, Belgium).
The beam delivery system with its components is illus-
trated in Figure 1. Briefly, the system is equipped with
an Ytterbium-doped femtosecond laser source (Satsuma,
Amplitude Systems), which operates at a near infrared
wavelength (1) of 1032 nm and has a pulse duration of
310 fs. The maximum pulse repetition rate (f) and average
power (P) of the laser are 500 kHz and 5 W, respectively.
Also, it includes a half wave plate, a beam expander and
a telecentric focusing lens of 100 mm to obtain a linearly

Rough +FAS

SEM images investigating E. coli bacteria on different surfaces. The bacterial suspension was incubated on the polymeric
surfaces of PP, HDPE and PC: (A-C) bare substrates, (D-F) laser-ablated substrates and (G-I) laser-ablated substrates coated with FAS. The
red arrows are used to indicate where the attached bacteria are. The scale bars are around 10 pm.

polarized (s-type) beam with a spot diameter (2w) of 60
um at focus. A 3D galvo scan head is used to steer beam at
a speed (v) of up to 2000 mm s~'. The thermoplastic sub-
strates were positioned on a motorized stage normal to the
incident laser beam in the experiments. All the substrates
were processed with a fixed pulse fluence ( ¢, = P/ww?f)
of 47 mJ cm™2 and a scanning speed of 1000 mm s~! and
a pulse repetition rate of 500 kHz to produce the micro-
structures. The pulse-to-pulse distance (d = v/f) was 2 um.
Furthermore, the hatch distance (h) between successive
scan lines (see Figure 1) was maintained at 2 pm dur-
ing the experiments. Overall, the micro-structures were
achieved as a result of irradiating the polymer substrates
with an accumulated fluence (¢ = P/fdh) of 135.5J cm~2.
The overall processing time of 25 X 25 mm area with
the applied settings was 5 minutes and 15 seconds per
substrate.
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All the surfaces were placed in a vacuum desiccator at
room temperature with 30 uL of (trichloro (1H,1H, 2H,
2H-perfluorooctyl) silane (97%, Sigma Aldrich) on a glass
slide next to the surfaces for 90 minutes to lower the
surface energy. We note that the surfaces were modified
within 1 week of laser ablation. After the coating process,
the surfaces were removed from the vacuum desiccator
and left overnight or 20 hours, before measurement of the
contact angle and contact angle hysteresis. The topogra-
phy of the laser-ablated surfaces was observed using SEM
(Zeiss EVO 10) and 3D profilometry (Alicona). A layer of
gold coating was applied before employing the SEM.

Wettability characterization

Contact angles and contact angle hysteresis were measured
by using a Data-Physics OCA 15 contact angle goniome-
ter. Droplets of 6 pL were deposited on the substrates. The
measurement was repeated on five different areas of at
least 3 samples for each surface type to obtain an average
value of the contact angles. The advancing and receding
contact angles were measured by increasing/decreasing
droplet volumes, and each measurement was repeated 5
times on 3 samples of each type of the surfaces (Table
S1). The droplet impact was imaged using a high-speed
camera (Photron, FASTCAM Mini UX100; image analysis
software PFV4). The volume of water droplets was 9 uL,
the dimensionless Weber number was calculated as fol-
lows: We = (&) where p is density, d is liquid diameter,
v is velocity (rral s™)) and o is surface tension (N m™).[3!]
The frame rate of the high-speed camera is 2000 fps with
a maximum resolution of 1280 x 1024. The height between
the electronic syringe and the top of the surfaces was at
15 mm.

Bacterial attachment testing

Escherichia coli (E. coli) BW25113 expressing green fluores-
cent protein (GFP) was cultured in 5 mL of sterile Lysogeny
broth (LB) overnight at 37°C for around 18 hours with
shaking (180 rpm) before being adjusted to around 1 x 10°
(colony-forming units) CFU mL™!. Bacterial suspensions
of 120 uL were arrayed across each of the surfaces of fixed
sizes of 10 X 10 mm. It should be noted that a bacterial sus-
pension is a cell culture whereby colonies of bacterial cells
are surrounded by growth medium which allows them
to function and multiply. Arraying bacterial suspensions
across the surface materials enabled bacterial colonies to
be in contact with the surface whilst still enabling the bac-
teria to receive the appropriate nutrients from the medium.
The amount of bacterial suspension added to each surface
was to ensure that there was full coverage of the surface
by the bacterial suspension (approximately 2-3 mm thick-
ness of the bacterial suspension on top of the surface). The
surfaces were incubated with the bacterial suspensions for

20 hours at room temperature (approx. 25°C). After this,
the overnight culture medium was removed by tilting the
surfaces, which were then gently washed with phosphate
buffered saline (PBS) (up to 40 uL). In the final step, all sur-
faces were covered with glass cover slips before using the
confocal laser scanning microscope (TCS SP8, HC PL APO
CS2 40x%/1.40 oil objective) to observe the bacteria on the
surfaces. 1-2 drops of immersion oil (Immersol 518 F) were
added to the top of the glass cover slip.

Scanning electron microscopy (SEM)

After 20 hours of exposure to the bacterial media, the
surfaces were imaged with a scanning electron micro-
scope (Zeiss EVO 10). The samples were washed with 40
pL of phosphate buffer solution (PBS) to remove resid-
ual media. After the washing procedure, glutaraldehyde
2.5% (v/v) as a fixative solution was added to the sample
surfaces to fix the cells prior to SEM imaging. Glutaralde-
hyde was pipetted from the side of the sample surfaces
to prevent any cells from being washed off. The samples
were then incubated at room temperature for 30 minutes.
After this, the surfaces were rinsed with PBS and subse-
quently water/ethanol mixtures for serial drying at room
temperature. The concentrations of ethanol in the mix-
tures used for this process were in the range of 50%, 55%,
60%, 75%, 80%, 90%, and 100%. The samples were incu-
bated with each concentration for 15 minutes and then
replaced with the next solution that had a higher concen-
tration of ethanol. The final step was to leave the samples
with the water/ethanol mixtures to evaporate completely,
allowing them to be ready for SEM imaging. Gold was
sputter-coated onto the dried surfaces to increase imaging
contrast.
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