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Abstract 

Anti-bacterial coatings are often employed to elastomer surfaces to inhibit bacterial attachment. 

However, such approaches could lead to increased antibiotic resistance. Surface micro/nano 

texturing is gaining significant attention recently, as it is a passive approach to reduce bacterial 

adhesion to surfaces. To this end, this work aims to assess the anti-biofouling functionality of 

femtosecond laser-induced sub-micron topographies on biomedical elastomer surfaces. 

Femtosecond laser processing was employed to produce two types of topographies on stainless 

steel substrates. The first one was highly regular and single scale sub-micron laser-induced 

periodic surface structures (LIPSS) while the second one was multi-scale structures (MS) 

containing both sub-micron and micron-scale features. Subsequently, these topographies were 

replicated on Polydimethylsiloxane (PDMS) and Polyurethane (PU) elastomers to evaluate their 

bacterial retention characteristics. The sub-micron textured PDMS and PU surfaces exhibited long 

term hydrophobic durability up to 100 hours under the immersed conditions. Both LIPSS and MS 

topographies on PDMS and PU elastomeric surfaces were shown to substantially reduce (> 89%) 

the adhesion of gram-negative Escherichia coli bacteria. At the same time, the anti-biofouling 

performance of LIPSS and MS topographies was found to be comparable with that of lubricant-

impregnated surfaces. The influence of physical defects on textured surfaces on the adhesion 

behaviour of bacteria was also elucidated. The results presented here are significant because the 

polymeric biomedical components that can be produced by replication cost-effectively, while their 

biocompatibility can be improved through femtosecond surface modification of the respective 

replication masters. 

Keywords: anti-biofouling, biomedical elastomers, femtosecond, laser induced periodic surface 

structures, lubricant-impregnated surfaces, PDMS, polyurethane. 
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Introduction 

Elastomers are ubiquitous in biomedical devices such as catheters, stents, cardiac pacemaker and 

contraceptives [1-2]. Microbial infection and thrombosis are major issues that are associated with 

such biomedical devices, especially those which are synthesised from polyurethanes and silicones 

[3]. Since the biological responses to elastomeric materials are surface property dependent, many 

approaches are focused on tailoring the properties of such surfaces. Anti-microbial coatings were 

though prevalent in inducing bactericidal properties, the increase of antibiotic resistance due to 

these coatings has become a major concern [4]. Subsequently, the research community was drawn 

towards renewable polysaccharide-based [5] and nanoparticle-based [6] coatings on elastomeric 

surfaces. For instance, silver nanoparticle coatings were extensively investigated for imparting 

anti-bacterial functionality of medical devices [7].  However, recent efforts had shown that the 

gram-negative bacteria could develop resistance towards these coatings [8]. Furthermore, the 

coating-based solutions are transient, while their durability and undesirable leaching of metallic 

ions are some other significant concerns. Another passive and safe-by-design approach that is 

gaining importance is surface micro-/nano-texturing. In particular, sub-micron and nanotextures 

reduce the initial attachment on surfaces, thereby inhibiting the formation of biofilms [9].  

Surface texturing is a method to create micro/nanoscale topographies on a surface to alter the 

physical properties like friction [10], reflectivity [11], wettability [12] and hydrodynamic drag 

[13]. In solid-liquid contacts, the presence of micro or nanoscale topographies results in either 

completely wetted Wenzel state (WS) or non-wetted Cassie-Baxter state (CBS). These wetting 

states are characterised by measuring the contact angle (CA) on the surface. The hydrophilic (CA 

< 90o) or hydrophobic (CA > 90o) characteristic of a surface is a function of surface chemistry and 

surface topography. Since the average size of most of the bacteria is in the range of 1-2 μm, 

surfaces with sub-micron topographies are found to be of anti-biofouling nature [14]. For instance, 

it was shown that the adhesion of gram-positive bacteria is significantly reduced if the spacing 

between the protrusions on the surface is less than 1.5 μm [15]. Several investigations have shown 

that naturally occurring sub-micron topographies on wings of cicada and dragonfly demonstrate 

anti-bacterial properties [16-17]. Based on the wettability of a surface, the current knowledge about 

surface topography-induced anti-biofouling characteristics presents two conjectures. The sub-

micron textures on a material with high surface energy allow the bacterial suspension to exist in 

WS. Consequently, sub-micron textures induce stress on bacterial cell wall upon contact, thus 
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imparting bactericidal characteristics to the surface. On the other hand, the sub-micron or micron-

scale topography on a low surface energy material can lead to air entrapment. In  such CBS, the 

bacteria has reduced apparent solid surface area for adsorption and thus its adhesion is inhibited. 

Another technique for achieving surface functionalisation is to impregnate surfaces with lubricant, 

referred to as lubricant-impregnated surfaces (LIS). Since the presence of lubricant reduces the 

apparent solid surface area for bacterial adhesion through adsorption, the LIS were reported to 

resist a wide range of organisms. In particular, the LIS surfaces were shown to reduce the bacterial 

adhesion more than 90% and also to offer improved durability over air-cushioned 

superhydrophobic surfaces [18-19].  

To date, among the many approaches to fabricate surfaces with ordered sub-micron textures, 

exhibiting either hydrophobic or hydrophilic characteristics, etching-based fabrication methods, 

such as reactive ion etching (RIE) and anodization, have been predominantly employed on 

different materials. The RIE is used to produce hydrophilic sub-micron protrusions of different 

lengths, densities and sharpness on black silicon [20-21] and glass [22]. Such surfaces exhibit 

excellent bactericidal properties through cell membrane rupture. On the other hand, anodization is 

a relatively cost-effective approach that has been employed to produce porous and protruded sub-

micron topographies on various engineering materials such as titanium [23-24] and aluminium 

[25], and thus to “imprint” anti-biofouling properties on surfaces. Although etching-based 

fabrication methods are an excellent choice for producing controllable sub-micron textures, these 

methods are time-consuming, limited to few materials, and utilize chemicals which are not 

environmental friendly. It is also difficult to produce uniform topographies on complex 3D 

surfaces using these methods. At the same time, elastomeric and thermoplastic parts of biomedical 

devices and equipment are commonly produced employing  replication methods such as injection 

moulding, compression and soft moulding [7, 26]. Therefore, it is very important to address any 

technological gaps in their respective process chains and thus to broaden their use for creating 

functional sub-micron topographies on surfaces for anti-biofouling applications.  

Ultrashort pulse laser surface texturing is an environmentally friendly  method that can generate a 

single scale and hierarchical multiscale topographies on complex 3D surfaces on any substrate 

material. Several investigations have demonstrated anti-biofouling properties on pico and 

femtosecond laser textured hierarchical topographies [27-30]. At the same time, low spatial 

frequency laser-induced periodic surface structures (LIPSS) are gaining much attention recently 
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as a surface functionalisation method. In particular, such sub-micron topographies have been used 

successfully to “imprint” a range of attractive properties, such as superhydrophobicity [31], anti-

counterfeiting [32], cell proliferation [33] and friction reduction [34], for a number of potential 

application areas. In addition, a few investigations are reported on the use of LIPSS to create 

surfaces with anti-biofouling properties. Lutey et al. [35] fabricated two different types of LIPSS 

(ripples and nanopillars) on stainless steel using femtosecond lasers and demonstrated a reduction 

in bacterial adhesion by more than 80%. Luo et al. [36] by using a femtosecond laser, generated 

discontinuous ripples on orthopaedic pure titanium implants and had shown that the bacterial 

adhesion on textured implants could be reduced by 50%. A more recent investigation of LIPSS on 

gold surfaces has shown a reduction in bacteria adhesion by almost 99% [37]. 

In summary, the LIPSS-based sub-micron topographies are potential candidates for “imprinting” 

anti-biofouling properties on surfaces, along with LIS and etching-based ordered sub-micron 

topographies. However, their application on elastomers for biomedical applications has not been 

investigated so far, despite their advantages when they are integrated into high throughput process 

chains. Therefore, the aim of this research is to investigate systematically the influence of LIPSS 

on anti-biofouling properties of silicone and urethane-based elastomeric surfaces. In particular, 

two types of LIPSS topographies were fabricated on steel masters using femtosecond laser 

processing. The first type was highly regular LIPSS with a periodicity of 800-900 nm [38-39] 

while the second was a multiscale (MS) topography, i.e. LIPSS superimposed on micron-scale 

protrusions. Then, these textured steel masters were used to replicate such functional topographies 

on Polydimethylsiloxane (PDMS) and Polyurethane (PU) elastomers to investigate their bacterial 

adhesion characteristics against gram-negative Escherichia coli bacteria. In addition, the anti-

biofouling effectiveness of replicated surfaces was compared with that of  lubricant-impregnated 

surfaces (LIS), as LIS had shown to exhibit excellent inhibition characteristics towards bacteria, 

too.  

Materials and Methods 
 
Fabrication of textured metallic masters  

In this study, commercially available AISI 430 (X6Cr17) ferritic stainless steel (SS) plates with 

50 x 50 mm2 surface area, 0.7 mm thick, and average surface roughness of 40 nm were used for 

producing the textured masters. A LASEA LS5 workstation that integrates a Yb-doped 
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femtosecond laser source (Satsuma, Amplitude Systemes) with wavelength of 1032 nm, pulse 

duration of 310 fs, average power of 5W and a maximum pulse repetition rate of 500 kHz has been 

employed to generate LIPSS, i.e. sub-micron topographies, on the SS plates. The beam delivery 

system of the workstation is shown in Fig. 1a. Initially, the output beam from the laser source with 

a diameter of 5 mm is directed through a half-wave plate and a beam expander. Subsequently, the 

beam is steered through a galvo scan head and a 100-mm focal length telecentric lens at the focal 

plane with an irradiation spot size (2R) of 30 μm.  

 

Figure 1: (a) A schematic of the beam delivery system of the laser micro-processing workstation. 

(b) The scanning strategies to generate LIPSS and MS topographies. 

Two types of textured surfaces were fabricated on SS substrates in this research. In the first case, 

highly regular and single scale LIPSS were fabricated with a bidirectional raster scanning strategy, 

while in the second case, multiscale (MS) textures consisting of LIPSS superimposed on micron-

scale protrusions were fabricated through a grid scanning strategy as shown in Fig. 1b. Initially, 

small areas up to 3 x 3 mm2 were textured to optimise the process parameters and thus to generate 

highly regular LIPSS and shallow MS topographies. The lateral distance between the scan lines 

(or hatch distance) and average power were varied while scanning speed of 1000 mm/s and 

repetition rate of 250 kHz were kept constant to obtain highly regular LIPSS. Regarding the MS 
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topographies, the grid spacing and the number of scan passes were varied when using two different 

scanning speeds of 1000 and 2000 mm/s while the repetition rate was kept constant at 500 kHz. 

As a result, grids of surface protrusion with the desired height and spacing of 40 μm were produced. 

The processing parameters, i.e. repetition rate (f), scanning speed (v), fluence per pulse (Ø), hatch 

distance (h), scan number and beam polarisation (e), used to texture 40 x 40 mm2 surface areas 

with LIPSS and MS topographies on SS substrates are given in Table-1. Then, the textured SS 

substrates were used as masters for soft moulding of PDMS and PU elastomers.  

Table-1: Processing parameters used to produce LIPSS and MS topographies. 

Topography Fluence 
per pulse 
(mJ/cm2) 

Scanning 
speed 

(mm/s) 

Hatch 
(μm) 

Repetition 
rate (kHz) 

Layers Polarisation 

LIPSS 250 1000 4 250 1 Linear 
MS 430 1000 40 500 20 Linear 

 

Preparation of textured elastomeric surfaces and LIS 

The bacterial retention has been analysed on three types of topographies (LIPSS, MS, and LIS) on 

PDMS and PU replicas. To this end, the LIPSS and MS topographies were replicated on 

elastomeric surfaces through soft moulding. Initially, Trichloro (1H,1H,2H,2H-perfluorooctyl) 

silane was applied on the textured SS moulds  through a vacuum-assisted deposition in a desiccator 

to facilitate the release of the cured elastomers. In the case of PDMS, a base and a curing agent 

(Sylgard 184, Dow Corning, USA) were mixed in the ratio of 10:1 and poured onto the silane-

treated textured SS moulds. The degassed mixture was allowed to cure for 24 hours. After its 

hardening, the textured PDMS films were peeled off from the moulds. Regarding the PU replicas, 

a urethane liquid rubber compound A (4,4′- methylenedicyclohexyl diisocyanate) and B 

(phenylmercury neodecanoate) with a trade name Clear Flex 50 (Smooth-On, USA), was mixed 

in the ratio of 1:2. The degassed mixture was then poured again onto silane-treated textured SS 

moulds and was allowed to cure for 16 hours, before peeling off from the masters.  In order to 

achieve maximum filling of uncured elastomer mixtures in sub-micron cavities of LIPSS and MS 

topographies, a mild vacuum was applied before the initiation of the curing process. Consequently, 

the LIPSS and MS topographies were obtained on both PDMS and PU elastomers. In order to 

prepare LIS, an additional set of MS topographies were moulded on PDMS and PU. These 
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elastomeric surfaces containing MS topographies were pipetted with silicone oil of 50 cst (Sigma 

Aldrich) and were allowed to impregnate with the lubricant overnight. 

Topography, optical and wettability characterisation 

All the textured metallic and elastomeric substrates were first imaged by using a scanning electron 

microscope (ESEM, Philips FEI Quanta-200, The Netherlands). The dimensional analysis of MS 

substrates was performed with an optical profilometer (Alicona G5 Infinite focus, Bruker Alicona, 

Austria). On the other hand, the dimensional measurements of LIPSS substrates were carried out 

with an Atomic Force Microscope (MFP-3D, Asylum Research, USA), employing a silicon nitride 

pyramidal probe with a tip radius of 30 nm. The periodicity and regularity of the LIPSS were 

evaluated by 2D-FFT analysis using Gwyddion open-source image analysis software. The UV-Vis 

spectra (JASCO, V650, Japan) measurements were conducted from 400 to 700 nm on elastomeric 

surfaces with LIPSS and MS topographies.  

The wetting properties of the textured and LIS substrates were characterised using the sessile 

droplet method employing contact angle goniometer (Attension Theta, Biolin Scientific, Sweden). 

The Milli-Q water drops of 5 μl were dispensed under atmospheric conditions on the substrates 

and the average value of the static contact angle (CA) was obtained. At the same time, the sliding 

angle (SA) of the droplets on textured and LIS substrates was also measured using the tilting cradle 

of the goniometer. The longevity of hydrophobic properties of the textured elastomeric substrates 

was evaluated by measuring the contact angle after submerging them under water for up to 100 

hours. The contact angle was measured at fixed intervals on the textured elastomeric substrates 

after removing them from the water and allowing it to dry in air.   

Bacterial retention characterisation 

Bacterial adhesion tests were performed on all investigated substrates with a rod-shaped gram-

negative bacteria. The Escherichia coli BL21 (DE3) strain (Thermofisher Scientific, USA) was 

selected as an example bacteria in this research because of its wide use in investigations on 

antimicrobial efficacy of textured surfaces [40-41]. In particular, this motile strain was prepared 

by first cloning the hplA gene with Green Fluorescent Protein (GFP) in pBSK cloning vector. 

Then, hplA+GFP was inserted in the pET-28 plasmid vector and was finally transformed into 

E.coli strain to get the robust GFP signal. The E.coli bacteria was inoculated in 2 ml of sterilised 

Luria-Bertani (LB) Broth solution (HiMedia, India). The Chloramphenicol was added to LB broth 
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to maintain the plasmid vector inside the bacteria strain. Next, the culture was incubated at 370C 

and 155 rpm, for 16 hours to grow the bacteria. The bacterial culture was pelleted down by 

centrifuging at 3000 rpm for 3 minutes. The obtained pellet was washed three times with 400 μl 

Phosphate Buffered Saline, pH 7.4, and then  resuspended in 600 μl Phosphate Buffered Saline. 

Finally, the bacterial culture was diluted to a final concentration of 1 x 108 cells/ml. Meanwhile, 

the textured and LIS elastomeric substrates were pre-hydrated in Milli-Q water for 24 hours. The 

textured substrates were further subjected to mild vacuum to remove the entrapped air. 

Subsequently, all the substrates were conditioned in Phosphate-buffered saline (PBS) solution for 

2 hours before the test to adjust its pH value to 7.4.  Bacterial adhesion studies were conducted by 

placing the plain, textured and LIS substrates (size of 10 mm in diameter) in a 24-well plate 

containing 0.5 ml of bacterial suspension at 37 °C for 2 hours. Then, the surfaces were washed 

three times with a PBS solution, to remove any non-adhered bacteria. The adhered bacteria were 

then fixed by 2.5% of glutaraldehyde for 2 hours. The imaging of the adhered bacteria on the 

surfaces were performed on a spinning disc confocal microscope (CSU-X1, Yokogawa Electric 

Corporation, Japan). The obtained fluorescence images were analysed with ImageJ open source 

software (National Institutes of Health, USA) to quantify the number of bacteria adhering to the 

surfaces. At least five images per each sample from three replicate experiments were analysed to 

calculate the mean and standard deviation of the number of adhered bacteria on the surface.   

Topographical analysis of textured substrates 

The first part of the research reported here is focused on producing highly regular LIPSS and MS 

topographies on stainless steel using femtosecond laser processing. In order to obtain the highly 

regular LIPSS, we have chosen a scanning strategy that results in high overlap (O) between two 

consecutive pulses to avoid any rim effects [42]. The overlap between the pulses  was calculated, 

i.e. d = v/f  [31]. By varying the fluence per pulse (Ø) from 100 – 300 mJ/cm2 and hatch distance 

from 1 to 5 μm at a fixed overlap of 75%, different LIPSS topographies were achieved in the 

considered parameter domain. The variation of the hatch distance led to imparting different 

number of pulses per unit area (N = πR2/dh), in particular ranging from 35 to 177. Consequently, 

the accumulated fluence (∆ = NØ) on the surfaces was in the range of 3.5 – 53.1 J/cm2. In the 

considered parameter domain, the LIPSS threshold was observed at an accumulated fluence of 4.4 

J/cm2, while the highly regular LIPSS with a uniform coverage was achieved at 11.1 J/cm2.  
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Figure 2: (a-c) The SEM micrographs of highly regular LIPSS on SS, PDMS and PU, 

respectively. A 2D-FFT image shown in inset of (a). (d-f) The AFM micrographs of highly regular 

LIPSS on stainless steel, PDMS and PU, respectively. (g)  A plot showing height profiles of highly 

regular LIPSS on stainless steel, PDMS and PU. 

Using the optimal process settings, 40 x 40 mm2 areas was covered with highly regular LIPSS. On 

the other hand, MS topographies were produced by creating shallow micron-scale protrusions 

covered with sub-micron scale LIPSS. The grid scanning strategy resulted in an increased 

accumulated fluence at the intersecting points, thereby creating a shallow array of micron-scale 

protrusions. The distance between the intersecting scans and their number was varied from 30 to 

50 μm and from 5 to 40, respectively, to produce different MS topographies with varying spacings 

and heights. However, only the MS topography created with a grid spacing of 40 μm, 20 scans and 

scanning speed of 1000 mm/s was observed to have smooth profiles without any sporadic holes or 

defects. The average processing times for covering 40 x 40 mm2 areas with LIPSS and MS 

topographies were 6.3 and 12.1 min., respectively.  
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Figure 3: (a-c) The SEM micrographs of MS topographies on SS, PDMS and PU, respectively. 

(d-f) The 3D profiles of MS topographies on of SS, PDMS and PU, respectively. A magnified 

view of protrusions superimposed with LIPSS shown in inset of (c). (g) A plot showing height 

profiles of micron scale protrusions in different directions. (h) The AFM micrograph showing 

LIPSS on top of the micron scale protrusions. (i) The AFM micrograph showing LIPSS in the 

valley between the consecutive micron scale protrusions.  

Fig. 2a shows SEM micrograph of highly regular LIPSS on stainless steel substrates with an 

orientation normal to the polarisation of the laser irradiation. The periodicity of the LIPSS as 

evaluated by 2D-FFT (inset of Fig. 2a) is 800-900 nm, which is close to the wavelength of the 

laser. Furthermore, a clearly defined linear 2D-FFT also signifies the regularity of the LIPSS. It 

should be noted that the periodicity of the LIPSS is less than the average length (2 μm) of the 

E.coli bacteria [43]. Fig. 2b and c demonstrate the SEM micrographs of negatives replicas of 

LIPSS topographies on PDMS and PU, indicating an excellent replication. In order to analyse the 

height of the LIPSS, the AFM measurements were undertaken. Fig. 2d,e, and f show the AFM  
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micrographs of SS, PDMS and PU LIPSS surfaces with the corresponding depth profiles shown 

in Fig. 2g. The average height of the LIPSS was in the range from 100 to 200 nm on both SS and 

elastomer surfaces. By comparing the average heights of three 10 μm scans at different locations 

on SS and elastomer surfaces, the replication efficiency was estimated to be 87% for PDMS and 

93% for PU. The low viscosity of PU (250 cps) when compared with that of PDMS (3500 cps) 

could be the reason for the discrepancy in replication efficiency.  

The SEM micrographs of the MS topographies on metallic and elastomer substrates are illustrated 

in Fig. 3a, b, and c.  It can be seen that the LIPSS are covering consistently the micron-scale 

protrusions on all substrates without any defects. The 3D images from the optical profilometer on 

all three substrates are shown in Fig. 3d, e, and f, while the height profiles along the different 

directions on SS substrate are shown in Fig. 3g. A comparison of height profiles from the 

measurements has shown a replication efficiency of more than 95% for the MS topographies. The 

arrangement of LIPSS on top of the protrusions and in the valley on a PDMS substrate is shown 

in Fig. 3h and i. It can be observed that the height of LIPSS in the MS topographies is from 100 

200 nm, too.  

 
Figure 4: Transmittance spectra of LIPSS and MS topographies on PDMS and PU replicas. 

Micrographs showing opacity of the LIPSS and MS on PDMS with bottom side facing the logo 

and on top side away from the logo (inset).  

The polymeric surfaces that are susceptible to bacterial fouling in hospitals are either in contact 

with biological liquids or air [44]. At the same time, elastomers are suitable candidates where 
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optical transparency is a requirement. Therefore, it is essential to understand the detrimental effects 

of imparting anti-biofouling functionality on the optical properties of the treated materials. Fig. 4 

shows the transmittance plot in the visible wavelength range of plain and textured elastomeric 

surfaces. The PDMS and PU surfaces have exhibited more than 90% transmittance. While the 

LIPSS topographies marginally reduced the transmittance, the MS topographies on both  

elastomers have greater influence (of about 15%) on optical transparency. It is also important to 

note that the optical transparency depended on the orientation of the textured surface as reported 

previously [45]. The elastomeric surfaces have shown better opacity if the textured surface faces 

the object of interest when compared with the case where the textured surface is away from the 

object of interest (inset of Fig. 4). 

Wettability analysis of textured elastomeric surfaces 

It is common in biomedical applications, the elastomeric surfaces exposed continuously to liquids, 

such as bodily fluids and medicinal liquids. Such conditions could affect the topography of the 

elastomeric surfaces, thereby compromising their anti-biofouling functionality.  Therefore, the 

second part of this research was focused on investigating the physicomechanical integrity of sub-

micron topographies under long-term exposures to liquids. For the sake of simplicity, only water 

was used as a medium in the experiments where it was required to immerse the textured surfaces. 

The topography changes on both textured elastomers after the immersion in water were correlated 

with the contact angle.  

In the first, Fig. 5a show the static contact angle measurements on plain and textured substrates of 

stainless steel and elastomers. The contact angle measurements on textured stainless steel 

substrates were performed after 30 days of ageing in ambient air to allow hydrophilic to 

hydrophobic transition [46]. As it can be seen, the MS topographies substantially increased the 

contact angle of the surfaces on all the substrates when compared to the LIPSS topographies. Also, 

the MS topography on PDMS imparted near superhydrophobicity by increasing the contact angle 

to 147o ± 2.3. A larger area of air entrapment in MS topographies due to the micron scale cavities 

as compared to the LIPSS could be the reason for an increased hydrophobicity. At the same time, 

the lubricant-impregnated textured surfaces on all substrates have shown only a marginal increase 

in the contact angle. The adhesion of water to textured surfaces was also characterised by 

measuring the sliding angle on the substrates. The plain and LIPSS samples of all substrates 
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imparted strong pinning of water droplets even at high tilting angles. Illustrations of a droplet 

pinning at 90o tilt angle on plain and LIPSS PDMS replicas are shown in Fig. 5c and d, 

respectively. Only on PDMS replicas with MS topographies, a droplet sliding was observed at an 

angle of 16o ± 2.1(see Fig. 5e), whereas, on SS and PU samples, the droplets were observed to be 

pinned at 90o. On the other hand, the sliding angle was observed to be less than 5o on LIS SS and 

elastomeric samples (see Fig. 5f). 

 

Figure 5: (a) The static water contact angle (CA) on textured and LIS substrates of stainless steel 

and elastomers. (b) A variation of contact angle with immersion time. (c-f) The micrographs 

showing contact angle and sliding angle on plain, LIPSS, MS and LIS topographies of PDMS. 

Subsequently, the water immersion experiments were conducted to understand the influence on 

the hydrophobic properties of the textured elastomeric substrates. This was done by submerging 

the textured substrates in a container with water level up to a height of 50 mm from the surface, 

thereby creating a hydraulic pressure of 490 Pa over the substrates. The contact angle was 

measured on the textured elastomeric substrates at different intervals over 100 hours. Fig. 5b shows 

the variation in contact angle for LIPSS and MS topographies of PDMS and PU replicas. The 

contact angles measured on plain substrates were also included in the plot for comparison. It is 

observed that the contact angle remains reasonably stable for LIPSS topographies on PDMS 

replicas over the duration of 100 hours. However, the contact angle on MS topographies on PDMS 

replicas remained stable for 50 hours before beginning to decline. On the other hand, the contact 

angle for MS and LIPSS topographies on PU decreases gradually, while the rate of decline is 
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greater in the former. The dissolution of air into the water led to a Cassie-Wenzel transition over 

a period of time and the rate of this transition depended on the volume of air entrapped in the 

cavities [47]. As the transition occurs, the water wet the entire surface, thereby degrading either 

the surface roughness or surface chemistry. Since the textured surfaces have larger contact areas 

than the plain ones, a change in contact angle would be more pronounced in the former when the 

degradation occurs [48]. Consequently, the MS topographies although show better hydrophobic 

properties, are prone to degradation and loss of their hydrophobicity over a continuous exposure 

to liquids. The contact angles on the plain surfaces of PDMS and PU replicas, however, have not 

changed significantly in our experiments. Overall, the change in contact angles on textured 

surfaces was less than 7% and 13% on PU for PDMS replicas, respectively, over a period of 100 

hours. Thus, it is evident that the degradation of physicomechanical properties of the textured 

elastomers is not significant. Consequently, it is expected that the fabricated sub-micron 

topographies are durable for sufficiently long time in biomedical operating conditions.   

Bacterial adhesion on textured and LIS elastomeric surfaces 

To determine the anti-biofouling performance of the textured and LIS topographies on the 

elastomers, E.coli bacterial strain was used. Fig. 6a shows the fluorescence micrographs of the 

adhered E.coli bacteria on plain, LIPSS, MS and LIS topographies on PDMS and PU elastomers. 

It is evident that a large number of bacteria adhere to plain surfaces on both the elastomers. 

Whereas, the textured and LIS topographies on both PDMS and PU show a significant reduction 

in bacterial adhesion on them. As shown in Fig. 6b, the reduction in bacterial adhesion on highly 

regular LIPSS with respect to plain surface is 96.7% and 96.1% for PDMS and PU, respectively. 

The performance of LIPSS topographies on both elastomers is similar to their respective LIS 

counterparts. On the other hand, MS topographies on PDMS and PU exhibited a reduction of 

91.1% and 89.2% in bacterial adhesion, respectively. In our experiments, the textured substrates 

were hydrated in water for 24 hours and it was then followed by subjecting them to mild vacuum 

before conducting bacterial adhesion test. In this way, the Cassie-Wenzel transition was achieved 

on the surfaces with LIPSS and MS topographies. Subsequently, upon the application of the 

bacterial suspension on the textured surfaces, the bacteria was brought into contact with the sub-

micron topographies as illustrated in Fig. 6a. As a result, the decrease in bacteria-accessible area 

on LIPSS and MS surfaces when compared to the plain ones, led to a reduction in adhesion. Since 

the contact area on the MS topography was more effective in regards to the bacteria suspension 
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than the LIPSS topography, the former exhibited a slightly increased bacterial retention than the 

latter. 

 

 
Figure 6: (a) The illustrations of bacteria on difference surfaces is shown (above). The contact 

points of bacteria on a surface is highlighted in red in these images. The fluorescence micrographs 

showing bacteria adhesion on plain, LIPSS, MS and LIS topographies of PDMS and PU (below). 

The scale bar is 25 μm. (b) A plot showing the number of bacteria adhered to surfaces on different 

topographies.  

It has been pointed out by some researchers that the disappearance of the air layer on 

superhydrophobic surfaces led to a decrease of their anti-biofouling performance [49-50]. 

However, mainly surfaces with micron-scale topographies were investigated, where the surface 
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features were larger than the size of the bacteria. On micron-scale topographies, the bacterial 

suspension has increased apparent solid surface area upon reaching the Wenzel state due to the 

vanished air layer. Therefore, such superhydrophobic surfaces promote bacterial adhesion. On the 

other hand, the anti-biofouling performance is not a function of the air layer on surfaces with sub-

micron topographies [51-52]. Hence, it is important that the mean size of surface features is less 

than the size of bacteria and thus to minimise the anchorage points for inhibiting bacterial adhesion. 

For instance, the round-shaped bacteria have shown to be a successful coloniser on surfaces with 

mean feature sizes marginally greater than their size [35, 53]. As the periodicity of the sub-micron 

topographies was less than the size of E.coli in our experiments, a substantial reduction in bacterial 

adhesion was achieved. Furthermore, the PDMS has shown slightly better anti-biofouling 

performance over the PU counterparts. This could be explained with the different stiffness of these 

two materials. It was shown that the room temperature cured PDMS exhibited a Shore A hardness 

of 44 [54], while higher values were obtained on PU substrates with hardness of about 50 [55]. 

Some other results reported that materials with low stiffness exhibit better anti-biofouling 

properties against E. coli [56-57]. However, it should be stated that there is no consensus among 

researchers regarding the influence of material stiffness on bacterial adhesion.   

Since the SS moulds are susceptible to damage and wear over continuous usage [58-59], it is 

essential to evaluate the influence of physical defects on surface on the bacterial adhesion. To this 

end, the SS moulds containing LIPSS and MS topographies were subjected to abrasion tests [60]. 

Briefly, the sub-micron topographies were subjected to abrasion for 10 cycles on sandpaper (grit 

no. 600) with a load of 200 g (6.1 kPa) as shown in Fig. 7a. Subsequently, the bacterial adhesion 

tests were conducted on PDMS surfaces containing worn out LIPSS and MS topographies. An 

illustration of removal (knock-off) of LIPSS on micron-scale protrusions of MS topographies is 

shown in Fig. 7a along with the SEM image depicting the worn-out segments on the SS mould 

with MS topographies in Fig. 7b. The accumulation of bacteria in the valleys between the micron 

scale protrusions due to defective MS topographies is evident from the fluorescence micrograph 

in Fig. 7c. Overall, the reduction in bacterial adhesion on ‘worn-out’ LIPSS and MS topographies 

was found to be only 13.2% and 21.6%, respectively. Since only LIPSS on top of the protrusions 

worn out during the abrasion test on MS topographies while the underlying LIPSS in the valleys 

were protected, the MS topographies had shown a slightly low reduction in bacterial adhesion than 

the highly regular LIPSS topographies.  
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Figure 7: (a) An illustration showing LIPSS “knock-off” from top of the protrusions of a MS 

topography and bacterial adhesion in valley between the protrusions of replicated substrate. (b) A 

SEM micrograph showing worn out LIPSS from top of the protrusions on MS topography. (c) The 

fluorescence micrograph showing bacteria adhered in the valleys of MS topography. 

Concluding remarks 

Surface texturing at sub-micron scale is a safe-by-design approach to prevent bacterial fouling, 

thereby improving biocompatibility of biomaterials. In this work, we have demonstrated that the 

femtosecond laser-induced sub-micron topographies on PDMS and PU elastomers can induce anti-

biofouling properties. Overall, the LIPSS and MS topographies reduced the adhesion of bacteria 

by more than 89% on both the elastomers. At the same time, the sub-micron textured elastomers 

exhibited reasonably good durability over long term exposure to the water. Therefore, their anti-

biofouling efficacy will be least affected by continuous utilisation in biomedical applications. 

Although, the LIS have shown to reduce adhesion of bacteria by more than 95%, the functionality 

of such surfaces is short-lived. This is because lubricant present on the LIS can leach over a period 

of time into the working liquids and pose contamination issues in biomedical applications. 

Therefore, highly durable LIPSS or MS topographies can be suitable for such applications. In 

addition, the LIPSS topographies are optically transparent as compared to MS topographies. 

However, in reality, fabrication of the LIPSS topographies is sensitive to laser processing 

disturbances and substrate’s surface roughness when compared to the MS topographies. 

Furthermore, the presence of any small number of physical defects on the LIPSS topographies due 
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to wear leads to local adhesion of bacteria, thus, compromising their anti-fouling properties. 

Therefore, the fabrication aspects such as uniform coverage, reproducibility, abrasion resistance 

and replication efficiency need attention in the case of LIPSS. Altogether, considering the 

indicators such as a better hydrophobicity, less surface defects and reasonable transparency, 

despite the high processing time, the MS topographies are better candidates than the highly regular 

LIPSS for elastomeric surfaces.  

Furthermore, it is important to note that the mean feature size of the sub-micron topographies 

should be less than the typical sizes of the bacteria to achieve the required anti-biofouling response. 

The near-infrared laser used in this research produced sub-micron topographies with periodicities 

in the range of   800 – 900 nm, which were less than the size of the rod-shaped E. coli bacteria 

(typical length of 1.5 - 2 μm). At the same time, the typical diameter of the most round-shaped 

bacteria, e.g. Staphylococcus spp. and S. aureus, ranges from 0.5 to 1 μm. Therefore, the anti-

biofouling performance would be severely compromised on such sub-micron topographies if 

round-shaped bacteria were used, as they would require a much lower degree of surface contact 

for a successful adhesion when compared to the rod-shaped bacteria. Therefore, LIPSS with 

periodicities less than 600 nm would be necessary in order to inhibit adhesion for both bacteria. 

This could be achieved by varying the laser processing settings, such as laser wavelength,  

incidence angle and fluence. For example, recently, the LIPSS with periodicities up to 175 nm 

were produced by using a nanosecond pulsed laser operating at 532 nm wavelength [61]. Since, 

the geometry, dimensions and periodicity of LIPSS can be tailored in the sub-micron range scale 

using the laser processing parameters, further studies will be focused on anti-biofouling 

characteristics of such topographies against both gram-positive and gram-negative bacteria of 

different shapes and dimensions.  
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