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Abstract
Polymers are versatile materials widely used in various industries, with significant applications in biomedicine where bio-
fouling on polymer surfaces presents major health and economic challenges. Biofouling, initiated by bacterial adhesion, can 
be mitigated by modifying surface properties through laser micro- and nano-texturing, an approach that offers advantages 
over chemical treatments. This study introduces an economical mass production process for textured polymeric components 
using injection molding to replicate hierarchical textures. Testing revealed that all textured samples significantly reduced 
bacterial adhesion compared to untextured surfaces across different designs and bacteria types after 24 h of culture. The 
study examined factors like wettability, nanoscale roughness, and pattern dimensions to explain these outcomes, comparing 
them with existing studies. Despite all textured samples showing decreased wettability and roughness, these factors alone did 
not ensure reduced bacterial adhesion. The most effective anti-adhesive performance was observed in surfaces with parallel 
ridge patterns, which segmented the surface into isolated areas that limited bacterial interaction and hindered micro-colony 
formation, highlighting the importance of specific surface patterning in combating biofouling.
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1 Introduction

In the broad field of biomedical applications, diverse materi-
als serve specific needs in implantable devices, drug deliv-
ery, and tissue engineering. Notably, polymers are crucial 
contributors, distinguished by their exceptional biocompat-
ibility, low costs, flexibility, lightweight properties, and tun-
ability [1]. Their ease of processing and fabrication further 
enhances adaptability for complex designs and customized 
applications. However, as the boundaries of biomedical 

innovation expand, a looming challenge remains the per-
vasive threat of bacterial infections and the urgent need to 
fortify surfaces of materials against stealthy colonization by 
bacteria. This concern has spurred the development of vari-
ous chemical and physical approaches to create antibacterial 
surfaces [2].

Antibacterial surfaces, specifically engineered or treated 
materials, play a pivotal role in inhibiting bacteria growth, 
survival, or proliferation. The antibacterial property is typi-
cally achieved through either a bactericidal effect or an anti-
biofouling effect [3]. A bactericidal surface can kill bacteria 
attached to it, while antibiofouling pertains to a material’s 
ability to prevent and inhibit the adhesion and subsequent 
growth of microorganisms on its surface.

Chemical-based surface coatings with bactericidal prop-
erties embrace diverse strategies, such as the use of antimi-
crobial agents or metallic nanoparticles like silver or copper. 
Although the former has been extensively employed, the rise 
of antibiotic-resistant bacteria poses a significant challenge, 
as these microorganisms may acquire the ability to with-
stand the effects of antibiotics [4]. Meanwhile, using metal-
lic nanoparticles raises concerns about potential toxicity at 
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higher concentrations [5]. Other chemical-based coatings, 
which are instead designed to confer an antibiofouling effect 
on surfaces, aiming to prevent and inhibit the adhesion and 
subsequent growth of microorganisms, are the zwitterionic 
or poly(ethylene glycol) (PEG). They play a role in enhanc-
ing the resilience of surfaces against unwanted microbial 
attachments [6]. However, a limitation arises when bacteria 
are already attached, as there is currently no mechanism in 
place to eliminate them. Moreover, these chemical-based 
approaches, acknowledged for their efficacy, come with the 
acknowledgment of being relatively expensive and exhibit-
ing limited effectiveness over time.

Innovative physical methods have emerged to address 
these challenges and create antibacterial surfaces by meticu-
lously structuring micro- and nano-features. These features 
are intricately designed to replicate the bactericidal char-
acteristics or antibiofouling properties observed in select 
plants, insects, and animals, including the cicada, dragonfly, 
shark skin, and lotus leaves [7]. Diverse techniques have 
been employed, among them lithography-based methods 
such as nanoimprint lithography [2] and colloidal lithogra-
phy [8], as well as reactive ion etching [9], focused ion beam 
milling [10], and ultrafast laser texturing [11]. Utilizing a 
mechanical rupturing mechanism, nanospikes [12], nano-
cones [13], or nano-pillars [14] have demonstrated bacteri-
cidal efficacy by inducing physical forces that lead to bacte-
rial protective cell wall rupture or deformation, subsequently 
causing bacterial cell death.

Instead, physically produced biofouling surfaces are 
obtained when the adhesion of the bacteria to the surface 
becomes difficult or impossible. The three primary factors 
influencing surfaces resistant to bacterial adhesion encom-
pass (i) surface patterning, (ii) surface roughness, and (iii) 
wettability [15]. Although the hindrance to bacterial adhe-
sion has been extensively studied, a comprehensive analy-
sis of the synergistic effects of these factors remains to be 
determined. Other factors that should always be considered 
when designing anti-adhesion surfaces are the types, shapes, 
and dimensions of bacteria. In broad categorization, bac-
teria are classified into Gram-negative and Gram-positive 
groups based on the structural features of their cell walls. 
Gram-negative bacteria such as Escherichia coli (E. coli) 
or Pseudomonas aeruginosa (P. aeruginosa) are charac-
terized by a thin cell wall, whereas Gram-positive bacteria 
such as Staphylococcus aureus (S. aureus) are characterized 
with a thicker cell wall. In terms of dimensions, the rod-
shaped E. coli and P. aeruginosa exhibit a similar diameter 
of 0.5 µm, measuring approximately 2 µm and 1.5 µm in 
length, respectively. In contrast, the spherical S. aureus has 
a diameter of 0.6 µm [16]. In diverse studies [11, 17, 18], it 
has been shown that surface patterns smaller than the bac-
teria size reduce the contact area between bacteria and the 
surface, inhibiting bacterial adhesion and colonization — for 

example, Epperlein et al. [19] created laser-induced peri-
odic surface structures (LIPSS) on steel with ridges spaced 
less than 300 nm apart, smaller than E. coli dimensions. 
Resultantly, E. coli exhibited reduced adhesion on LIPSS 
areas compared to polished material. In terms of surface 
roughness, a negative correlation between roughness (Ra) 
and the anti-adhesion effect is observed for very smooth 
surfaces (Ra < 6 nm), implying those surfaces with smaller 
Ra exhibit lower antibacterial properties. Conversely, for 
rougher surfaces (Ra > 6 nm), a favorable antibacterial effect 
is achieved, but surfaces with higher roughness values (sub-
micron and micron roughness) show diminished antibacte-
rial efficacy [15]. The other mechanism influencing bacte-
rial adhesion is surface wettability. Hydrophobic surfaces 
(exhibiting a water contact angle WCA higher than 90°) or 
superhydrophobic surfaces (WCA > 150°) have the poten-
tial to impede bacterial adhesion. This could be attributed 
to the trapped air between the features of the hydrophobic 
surface, leading to a reduction in adhesion force and, con-
sequently, prevention of adhesion [2, 15]. Superhydropho-
bic microstructure arrays have been shown to prevent the 
P. aeruginosa, E. coli, and S. aureus biofilm attachment in 
flow conditions [3]. Using a picosecond laser texturing, San 
et al. [20] fabricated superhydrophobic surfaces with con-
trollable periodic structures on stainless steel, exhibiting a 
significant antibiofouling performance. Self-organized struc-
tures on titanium surfaces were generated by Fadeeva et al. 
[21] using femtosecond laser texturing. Both S. aureus and 
P. aeruginosa were examined on the obtained superhydro-
phobic titanium surfaces, revealing that these surfaces effi-
ciently impeded the adhesion of the tested bacteria. Gener-
ally, micro- and nanoscale hierarchical structures are known 
to be highly hydrophobic compared to one-level micro- or 
nanoscale structures [2]. Nevertheless, various studies have 
affirmed that predicting bacteria attachment solely based on 
contact angle measurements is inconclusive. For instance, 
Cunha et al. [17] engineered anti-adhesion bacterial titanium 
surfaces through laser texturing, even though the surfaces 
became hydrophilic after laser treatment.

Among the various physical methods discussed earlier 
for creating antibacterial surfaces, laser texturing stands out 
due to its advantages of offering relatively simple, flexible, 
controllable, and environmentally friendly solutions. This 
technique is also cost-effective for functionalizing small 
areas. However, when it comes to mass production of poly-
meric parts, laser texturing can be time-consuming. Injection 
molding, on the other hand, is a mass manufacturing process 
for plastic parts, accommodating a wide range of polymer 
materials and enabling the production of complex three-
dimensional parts. Therefore, the ability to transfer the laser 
micro- and nano-structures from metallic molds to plastic 
parts through replication by injection molding is an eco-
nomical solution, significantly enhancing the productivity of 
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functionalized polymeric components. The replicability of 
laser-textured surfaces onto polymer parts through injection 
molding has been thoroughly explored in previous literature. 
However, only a limited number of studies have investigated 
the performance of replicated laser textures on polymer com-
ponents [22, 23], particularly regarding their anti-adhesion 
and antifouling properties. Hence, in this investigation, a 
picosecond laser was used to generate three diverse hier-
archical topographies combining micro- and nano-surface 
features onto steel mold inserts. Subsequently, the micro-
injection molding process was employed to replicate the 
mold insert textures onto components made of polypropyl-
ene. The effects of the replicated micro- and nano-textures 
on the patterned plastic parts were examined and compared 
to the unpatterned ones, focusing on characteristics such as 
wettability, roughness, and bacteria retention.

2  Materials and methods

2.1  Picosecond laser treatment

Mold inserts made of 16MnCr5 steel were treated using 
ultrashort laser micro- and nano-patterning to create hier-
archical structures. Prior to laser texturing, the inserts were 
polished only on the face in contact with the polymer dur-
ing mold filling, achieving a surface roughness of less than 
0.03 µm. Maintaining good roughness is crucial for the suc-
cessful formation of LIPSS. The laser treatments were con-
ducted using an EKSPLA Atlantic 50 laser system equipped 
with a High Harmonics Generator and emitting three dis-
tinct laser beams at different wavelengths: infrared (IR) at 
λ = 1064 nm, green at λ = 532 nm, and ultraviolet (UV) at 
λ = 355 nm. Each of these beamlines generated pulses last-
ing approximately 10 ps. To direct the laser beams across 
the workpiece, three Raylase Superscan V galvanometric 
scanners were employed, along with different F-theta lenses: 
an 80-mm lens for the IR wavelength, a 75-mm lens for the 
green wavelength, and a 104-mm lens for the UV wave-
length. This configuration allowed for a focused beam with 
a 1/e2 spot diameter of about 10 μm and a working area of 
39 × 39  mm2, 49 × 49  mm2, and 46 × 46  mm2, respectively, 
for the IR, green, and UV beamlines. Furthermore, the laser 
system is integrated with a three-axis (X–Y-Z) movement 
system, which allows for flexible adjustment of the work-
table’s position and the expansion of the operational work-
space as required throughout the laser treatment process.

The scanning strategies were developed to create three 
distinct hierarchical structures by combining two differ-
ent types of laser textures with different scales: micro- and 
nanoscale. Regarding the microscale textures, three diverse 
geometries were designed to be obtained on the polymer 
part:

– Continuous parallel ridges, each 30 µm wide and spaced 
20 µm apart (PR).

– Square-based parallelepipeds, each with a side length of 
20 µm and spaced 20 µm apart (S20).

– Square-based parallelepipeds, each with a side length of 
60 µm and spaced 20 µm apart (S60).

Negative shapes of these patterns had to be engraved into 
the inserts to achieve these micro-textures on the polymer 
parts. For example, to create the first microscale texture, 
parallel grooves of 30 µm width and spaced 22 µm (as shown 
in Fig. 1b) were etched over the entire surface of the insert. 
Similarly, for the second (Fig. 1c) and the third (Fig. 1d) 
micro-textures, square-based parallelepipeds, spaced 22 µm 
apart, with side lengths of 20 µm and 60 µm, respectively, 
were etched from the inserts. For both the grooves and 
square-based parallelepipeds generation, a 532-nm wave-
length laser was used, and to ensure consistent material 
removal and energy distribution, as can be seen in Fig. 1a, a 
scanning strategy involving parallel lines spaced 3 µm apart 
was employed. This strategy was coupled with an appropri-
ate choice of scanning speed and pulse repetition rate to 
ensure that the pulse distance along the scanlines matched 
the pulse distance between scanlines, resulting in uniform 
and precisely controlled micro-textures.

After obtaining the microscale textures on the three 
inserts, the next step involved creating the nanoscale tex-
tures. The chosen nanoscale textures were consistent across 
all three inserts and involved generating laser-induced peri-
odic surface structures (LIPSS) using a 1064-nm wavelength 
laser. The scanning strategy for obtaining LIPSS employed 
parallel lines spaced 4 µm apart, ensuring uniform energy 
distribution across the material’s surface.

Hence, we have a total of three textured inserts with hier-
archical strategy, named PRLIPSS (PR + LIPSS), S20LIPSS 
(S20 + LIPSS), and S60LIPSS (S60 + LIPSS). These desig-
nations represent, respectively, the first, the second, and the 
third micro-textures overlapped with LIPSS nano-texturing. 
The laser texturing process parameters are summarized in 
Table 1. As a reference, an unpatterned insert was also con-
sidered in this study and coded as a control.

2.2  Micro‑injection molding

The test disk is presented in Fig. 2, measuring 15 mm in 
diameter and 2 mm in thickness. The designed disk fea-
tures an internal circular cavity, 0.5 mm deep and 8 mm 
in diameter, on its upper face, intended to locate and con-
tain bacterial cultures. This portion of the disk will come 
into contact with the textured insert and, consequently, 
is where the various laser textures will be replicated. As 
depicted in Fig. 2, a cold runner system was employed, and 
the gate was positioned on the side of the mold cavity. A 
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commercial grade of polypropylene (PP) was employed 
for its extensive use in automotive and household applica-
tions. However, it is worth noting that this material does 
not possess any specific antibiofouling properties.

The replication of laser textures onto the polypropylene 
samples was carried out using a micro-injection molding 
machine (Wittmann Battenfeld, Micro-Power 15). This 
machine is equipped with a modular mold assembly, which 

Fig. 1  Schematics of the mold 
patterning jobs for the three 
micro-textures. a Overlapping 
laser vectors; b continuous par-
allel ridges (PR); c small protru-
sion 20 µm side (S20); d large 
protrusion 60 µm side (S60)

Table 1  Laser scanning parameters employed for mold micro- and nano-patterning

Wavelength (nm) Power (W) Passes number Repetition 
rate (kHz)

Scan speed 
(mm/s)

Hatch 
space (µm)

Fluence (J/mm2) Dose (J/mm2)

PR 532 1.1 12 400 1200 3 0.035 0.588
S20 532 1.1 12 400 1200 3 0.035 0.588
S60 532 1.1 12 400 1200 3 0.035 0.588
LIPSS 1064 0.867 1 400 1600 4 0.027 0.033

Fig. 2  The injection molded 
part: a drawing with dimen-
sions in millimeters, b illustra-
tion of the textured area
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simplifies the process of mounting various laser-textured 
inserts. The micro-injection molding process parameters 
are summarized in Table 2.

2.3  Surface characterization

Qualitative morphological examinations of the unpat-
terned (control) and patterned mold inserts and their rep-
licated polymer surfaces were conducted using a scanning 
electron microscope (SEM) to confirm the presence of the 
generated textures on the mold insert and their successful 
replication onto the polymer parts. The surfaces were also 
examined through confocal microscopy (Sensofar Neox), 
using a 100 × magnification objective with spatial sampling 
of 140 nm and vertical resolution of 2 nm. For the control 
geometry and the nano-level of the three samples PRLIPSS, 
S20LIPSS, and S60LIPSS, a surface of 20 × 20 μm2 was 
evaluated, whereas for the micro-level structures, the ana-
lyzed surface was 120 × 120 μm2. The arithmetic mean 
height, Ra, measured together with the areal surface rough-
ness parameters: mean hills height, Rhh, mean dales depth, 
Rdd, was determined. To characterize the first hierarchical 
level (the micro-textures), the average height H is evaluated 
as the distance between the planes of maximum and mini-
mum obtained by averaging over the entire analyzed surface.

2.4  Wettability measurement

The wettability assessment of the polymer samples was con-
ducted using the sessile drop method. Two different liquids 
were utilized: distilled water and a liquid bacterial culture 
medium. In each test, a 15-μL droplet was carefully depos-
ited. A specially designed dark chamber with an adjustable 
light source was set up to enhance image quality for this 
study. A Nikon reflex camera was utilized to photograph the 
droplet. Subsequently, the acquired images underwent pro-
cessing through the open-source software ImageJ. A dedi-
cated plugin within the software is applied for drop profile 
interpolation and the direct calculation of the contact angle. 
Contact angle measurements were repeated three times for 
each polymer sample, and the average contact angle was 
recorded.

2.5  Bacterial culture tests of the polymer 
components

In this research, three varied bacterial strains were selected 
to assess the efficacy of the suggested configurations: S. 
aureus (designated as strain NCTC 8530), P. aeruginosa 
(designated as strain 109246), and E. coli (designated as 
strain HB101). These strains were acquired from ATCC 
(LGC Standards, Milan, Italy) and nurtured in Trypticase 
soy broth (for S. aureus and P. aeruginosa) or lysogeny 
broth (for E. coli), both supplied by Fisher Scientific. Newly 
prepared inoculums were cultured for 16 h at 37 °C with 
continuous shaking at 150 revolutions per minute. After 
completion of the incubation period, the bacterial cultures’ 
concentration was adjusted to 0.5 McFarland units, equiva-
lent to 1.5 ×  108 colony-forming units per milliliter (CFU/
mL). The injection molded samples underwent decontami-
nation through a 10-min incubation in ethanol 70% vol/vol, 
followed by ethanol evaporation under sterile conditions for 
16 h. After centrifugation, bacterial cultures were resus-
pended in growth media to achieve a concentration of 1 ×  104 
CFU. Subsequently, they were applied to the samples and 
allowed to incubate at 37 °C for a duration ranging from 30 
min to 48 h. Culture plates were placed in a humidification 
chamber for extended incubation periods to prevent medium 
evaporation. Following the incubation period, 1 mL of fresh 
medium was introduced onto the plastic sample surfaces and 
subjected to vortexing for 5 min to detach all bacterial cells. 
Subsequently, the samples were transferred to a new sterile 
tube, appropriately diluted in culture media, and then cul-
tured on agar plates. These plates were then incubated at 37 
°C for 16 h, after which bacterial colonies were counted.

3  Results

The SEM images depicted in Fig. 3a, b, and c illustrate the 
hierarchical structures obtained in the metallic mold inserts, 
PRLIPSS, S20LIPSS, and S60LIPSS, respectively.

The microstructure’s upper and lower levels exhibit 
LIPSS. Notably, the LIPSS on the upper level are more 
distinctly defined, benefiting from precise focus during 
their generation. In Fig. 3d, e, and f, SEM images depict 
the replicated micro- and nano-structures on the polymer 
disks, specifically corresponding to PRLIPSS, S20LIPSS, 
and S60LIPSS, respectively. A qualitative comparison con-
ducted through SEM analysis reveals the successful transfer 
of the negative design from the mold inserts to the polymer 
components. This underscores the efficacy of laser texturing 
on metal surfaces, coupled with replication through injection 
molding, as an efficient approach to minimizing manufactur-
ing time and costs in producing surfaces tailored for diverse 
biomedical applications.

Table 2  Micro-injection 
molding process parameters

Micro-injection 
molding parameter

Value

Melt temperature 180 °C
Mold temperature 100 °C
Flow rate 205 mm/s
Holding pressure 710 bar
Cooling time 25 s
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For the quantitative analysis conducted via confocal 
microscopy, Fig. 4a, b, and c depict images of the PRLIPSS, 
S20LIPSS, and S60LIPSS polymer components, respec-
tively. Employing Sensoview software, these images were 
processed to extract various geometric characteristics spe-
cific to each surface. A summary of these characteristics is 
presented in Table 3.

For the control sample and the nano-level structures 
of the three other samples textured with the hierarchical 

structures (PRLIPSS, S20LIPSS, and S60LIPSS), the 
replication quality was evaluated through the comparison 
of the Rdd (mean dales depth) of the mold inserts to the 
value of the Rhh (mean hills height) of the polymeric com-
ponents, whereas for the analysis of the microscale level 
of the samples PRLIPSS, S20LIPSS, and S60LIPSS, the 
average height H spanning from the lowest to the highest 
planes of the mold inserts was compared to that of their 
corresponding replicated samples. The comparison for all 

Fig. 3  SEM images of textured 
mold surfaces (a, b, c) and 
micro-injection molded repli-
cated polymer parts (d, e, f)
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structures revealed highly comparable values between metal-
lic mold inserts and their negative replicas in the polymeric 
samples. Additionally, although the roughness values (Ra) 
were slightly higher on the insert, they remained comparable 
between the insert and the polymer. This underscores the 
precision of injection molding as a replication process.

Figure 5a and b illustrate the results regarding contact 
angle measurements using water and bacterial culture liq-
uid, respectively. These results vividly demonstrate that 
laser texturing has led to a remarkable variation in the wet-
ting characteristics of the examined surfaces. Notably, the 

unpatterned polymer demonstrates a hydrophilic behavior 
with a contact angle of less than 90°, whether measured with 
water or bacterial culture liquid. In contrast, all patterned 
polypropylene surfaces exhibit highly hydrophobic charac-
teristics, evidenced by contact angles exceeding 118° ± 2° 
with water or 109° ± 2° with bacterial culture liquid. Nota-
bly, across all textured parts, the evaluation of wettability 
using water consistently yields higher contact angles com-
pared to the bacterial culture liquid.

The percentage of deceased bacteria, as depicted in Fig. 6 
for each replicated textured polymer surface, is determined 

Fig. 4  The topographies acquired using the confocal microscope of (a) PRLIPSS, (b) S20LIPSS, (c) S60LIPSS

Table 3  Surface topography 
values measured using the 
confocal microscope

Parameter Control PRLIPSS S20LIPSS S60LIPSS

Mold PP Mold Polymer Mold Polymer Mold Polymer

H (µm) - - 2.9 2.8 2.4 2.4 3.4 3.5
Ra (nm) 426 408 15 12 15 12 15 12
Rhh (nm) 61 59 6 5 5 4 7 5
Rdd (nm) 63 63 6 4 5 4 7 6
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by comparing the number of live bacteria on the textured 
polymer surface to that on the control polymer surface. In 
general, it is evident that all the replicated textured polymer 
surfaces successfully increase the proportion of dead bacte-
ria compared to the control polymer surface. Regardless of 

the bacterial type, the proposed hierarchical structures effec-
tively reduced bacterial colonization, showcasing the versa-
tility of the proposed designs. Figure 7a, b, and c illustrate 
bacterial growth curves for all samples (control, PRLIPSS, 
S60LIPSS, S20LIPSS) corresponding to P. aeruginosa, E. 
coli, and S. aureus, respectively, over the observation period 
of 24 h. The growth curves of all studied bacteria on the 
control surface exhibited the typical curve shape with three 
distinct phases: lag, exponential, and stationary. Conversely, 
there is a reduced increase in the bacterial count over time 
for the other replicated polymer surfaces, and the growth 
curves do not exhibit the same pronounced typical shape.

4  Discussion

A comprehensive understanding of bacterial adhesion mech-
anisms is essential for designing successful surfaces that 
can effectively inhibit bacterial adhesion. In this work, using 
different scanning strategies, a picosecond laser texturing 
was used to generate three different hierarchical structures 
onto metallic inserts that were replicated on polypropylene 
polymer using micro-injection molding. As discussed in 
Section 1, surface roughness is a key factor influencing sur-
face adhesion. Previous studies have demonstrated that sur-
faces with nanoscale roughness (Ra > 6 nm) tend to inhibit 
bacterial adhesion, and an increase in roughness values 
corresponds to a rise in bacterial adhesion [15]. Consistent 

Fig. 5  a Contact angle measurement with deionized water. b Contact angle measurement with bacterial culture liquid

Fig. 6  Antibacterial performance evolution of the three proposed 
hierarchical textures compared to the control surface
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with these findings, our results reveal that the patterned sam-
ples, which exhibit approximately 12 nm of roughness (in 
terms of Ra), displayed antibacterial properties compared 
to the unpatterned sample, with a higher roughness value of 
almost 408 nm (in terms of Ra). The wettability of surfaces 
is another crucial factor influencing bacterial adhesion. It 
is widely acknowledged that reduced wettability leads to 
decreased bacterial adhesion. Interestingly, all patterned 
samples exhibited highly hydrophobic behavior compared 
to the unpatterned polypropylene, demonstrating a hydro-
philic tendency. Contrary to the assumption that a higher 
contact angle necessarily corresponds to enhanced bacte-
rial anti-adhesion behavior, our results unveil nuances in 
this relationship. Specifically, the S60LIPSS sample, boast-
ing the highest contact angle (130° with water), exhibited 
increased bacterial growth compared to PRLIPSS, which 
had a lower contact angle of approximately 118°. Further-
more, while PRLIPSS and S20LIPSS samples displayed 
identical contact angles, the bacterial growth in S20LIPSS 
was unexpectedly high. These observations highlight the 
intricate interplay between surface wettability and bacterial 
adhesion, emphasizing that a higher contact angle does not 
uniformly guarantee superior anti-adhesion properties. This 
aligns with Francone et al.’s findings [2], emphasizing that 
bacterial attachment cannot be solely predicted by contact 
angle measurements. Higher contact angles were observed 
with nanospikes on top of micropillars, but this configura-
tion exhibited greater bacterial attachment than nanospikes 
at the bottom of the micropillars. An alternative explanation 
may arise from the timing of contact angle measurements 

conducted shortly after droplet deposition (within seconds 
or minutes). This timing tends to stabilize the Cassie-Baxter 
state. Conversely, during the bacterial culture tests, the sam-
ples were immersed in the liquid for an extended period 
(hours), leading to the observation and confirmation of the 
Wenzel state [24].

In the zoomed sections of Fig. 7, during the initial phase 
of the adhesion process known as initial adhesion, there is a 
decrease in adhesion over time. One factor known to regulate 
this initial bacterial growth is hydrophobic interactions [25]. 
This could explain why the design with the highest hydro-
phobic behavior exhibits the lowest bacterial growth during 
this initial adhesion phase.

Examining Fig. 7a, b, and c, it is evident that, among 
the investigated bacteria, S. aureus consistently displayed 
the lowest bacterial growth across all examined samples, 
with a CFU nearly ten times smaller than that of P. aerugi-
nosa and approximately five times smaller than the growth 
of E. coli. Unlike the other two bacteria studied, S. aureus 
is a Gram-positive bacterium with a spherical shape. Due 
to this spherical form, repulsive hydrophobic forces have 
successfully reduced its adhesion to the surface. Another 
contributing factor may be that E. coli and P. aeruginosa 
are motile bacteria equipped with flagella, enabling them to 
navigate through the liquid culture to locate suitable coloni-
zation sites [26, 27]. Despite the static nature of the culture 
tests, these bacteria can move to find an appropriate surface 
for habitation.

Moreover, flagella’s existence can serve as a connective 
link between features, creating a mesh that enhances the 

Fig. 7  Growth curves for (a) P. aeruginosa, (b) E. coli, and (c) S. aureus of the control and three hierarchical textures (PRLIPSS, S20LIPSS, 
S60LIPSS)
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attachment of more cells [28]. In contrast, S. aureus is a non-
motile bacterium lacking flagella [29]. In static conditions, 
if the surface exhibits minimal anti-adhesion behavior, S. 
aureus may fail to adhere to the surface, resulting in death.

Bacterial adhesion necessitates a contact area exceed-
ing the size of the bacteria. In a study by Epperlein et al. 
[19], LIPSS were fabricated on a steel surface, with ridges 
spaced less than 300 nm apart. With a diameter of 500 nm, 
E. coli was incapable of adhering within the LIPSS — con-
versely, Hsu et al. [30] designed linear structures spaced 
at 1 µm, exceeding the width of the tested bacterium (500 
nm). Their findings revealed that bacteria could align them-
selves with these structures. Similarly, Graham et al. [31], in 
microscopic observations of cell-surface attachment, noted 
E. coli aligning between lines. This alignment is influenced 
by bacterial shape, with rod-like bacteria showing a greater 
propensity to align within linear structures. In our study, 
replicated polypropylene samples had LIPSS ridge distances 
smaller than 450 nm. All tested bacteria (E. coli, P. aerugi-
nosa, S. aureus) had diameters larger than 500 nm, making 
adhesion challenging. Consequently, CFU for treated sam-
ples was lower than that for unpatterned samples. Figure 8 
illustrates the designed hierarchical textures, characterized 
by dual-scale textures. The microscale textures contribute 
to hydrophobicity, creating a surface that resists bacterial 
adhesion due to repulsive hydrophobic forces. On the other 
hand, the nanoscale textures, specifically the LIPSS with 
ridges spaced at distances smaller than the size of the bac-
teria, hinder their adhesion to the surface. This dual-scale 
texturing approach effectively mitigates bacterial adhesion 
and enhances the overall performance of the treated samples.

In addition to the factors discussed so far, bacterial adhe-
sion hinges on the ability to produce a sufficient quantity of 
extracellular polymeric substances (EPS) matrix [21]. This 
matrix plays a crucial role in anchoring bacteria to surfaces, 
providing an encasement that shields them against removal 
[31]. The ease and adequacy of EPS production come into 

play when bacteria organize into micro-colonies [32], 
formed through their mutual encounters. As elucidated in 
various studies [32–34], bacteria predominantly colonize the 
valleys of micro-textures, rarely congregating on their sum-
mits. Consequently, micro-textures can be viewed as barriers 
hindering bacterial interactions and micro-colony formation. 
When comparing S20LIPSS to S60LIPSS, the former is 
characterized by smaller barriers, presenting a higher like-
lihood for bacteria to encounter each other and form micro-
colonies. Conversely, PRLIPSS, distinguished by continuous 
parallel ridges, demonstrates the most effective performance. 
This can be attributed to the microstructure effectively par-
titioning the surface into zones that restrict bacterial inter-
actions, impeding micro-colony formation and EPS matrix 
development.

5  Conclusion

In this study, a novel and cost-effective process chain was 
developed for the first time, enabling the production of poly-
mer parts with surfaces characterized by reduced bacterial 
adhesion. This process chain involves the texturing of the 
mold using picosecond laser techniques, with subsequent 
replication of these textures onto polymer parts through the 
injection molding process. Three hierarchical micro- and 
nano-textures were proposed, and regardless of the bacterial 
type, these hierarchical structures consistently demonstrated 
an effective reduction in bacterial colonization compared to 
untreated samples, showing the versatility of the proposed 
designs.

Both the wettability and nanoscale roughness (assessed at 
the top or between the micro-features) were reduced in the 
patterned samples. The generated micro-features made the 
surface hydrophobic, creating repulsive hydrophobic forces 
that impede bacterial adhesion. When the surface’s hydro-
phobicity fails to inhibit bacterial adhesion, the developed 
designs incorporate LIPSS structures at the top of the micro-
features or between them. The LIPSS have a dual effect; on 
the one hand, they exhibit reduced roughness compared to 
untreated surfaces, reducing support for bacterial adhesion. 
On the other hand, the width of the valleys of the replicated 
LIPSS is smaller or comparable to the size of bacteria, mak-
ing their adhesion to the surface more challenging.

In addition to hydrophobicity, the micro-features can be 
viewed as barriers preventing bacteria from coming into 
contact with each other. Consequently, this impedes the for-
mation of micro-colonies and, subsequently, the EPS matrix. 
Surfaces with longer and larger barriers, effectively parti-
tioning the surface into zones that limit bacterial interac-
tions, have demonstrated superior performance.

Fig. 8  The designed hierarchical structures have a dual effect: hydro-
phobicity and nano-texture size smaller than the bacteria size
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