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Abstract: Developing antimicrobial surfaces that combat implant-associated infections while pro-
moting host cell response is a key strategy for improving current therapies for orthopaedic injuries.
In this paper, we present the application of ultra-short laser irradiation for patterning the surface
of a 3D biodegradable synthetic polymer in order to affect the adhesion and proliferation of bone
cells and reject bacterial cells. The surfaces of 3D-printed polycaprolactone (PCL) scaffolds were
processed with a femtosecond laser (A = 800 nm; T = 130 fs) for the production of patterns resembling
microchannels or microprotrusions. MG63 osteoblastic cells, as well as S. aureus and E. coli, were
cultured on fs-laser-treated samples. Their attachment, proliferation, and metabolic activity were
monitored via colorimetric assays and scanning electron microscopy. The microchannels improved
the wettability, stimulating the attachment, spreading, and proliferation of osteoblastic cells. The same
topography induced cell-pattern orientation and promoted the expression of alkaline phosphatase in
cells growing in an osteogenic medium. The microchannels exerted an inhibitory effect on S. aureus
as after 48 h cells appeared shrunk and disrupted. In comparison, E. coli formed an abundant biofilm
over both the laser-treated and control samples; however, the film was dense and adhesive on the
control PCL but unattached over the microchannels.

Keywords: ultra-short laser processing; biomaterials; 3D printing; cell adhesion; antibacterial surfaces

1. Introduction

As one of the most common types of injury, bone fractures require novel approaches
and constant improvements in order to build on the current tissue-repairing standards.
Such standards include the use of metallic implants (titanium and its alloys, stainless steel,
or cobalt chrome) that exhibit outstanding mechanical properties. However, there are still
some disadvantages that limit the performance of these materials: (i) the stress-shielding
effect that could lead to bone resorption; (ii) the release of ions that could be toxic to the
host cells; (iii) the generally smooth surface of the implants representing a favorable site
for bacterial adhesion; and (iv) the lack of biodegradability concerning non-load-bearing
implants [1,2]. The need for novel materials to overcome these limitations has brought
attention to the degradable biomaterials of either natural or synthetic origin. The chemistry
of such materials (e.g., polymers) can be altered, which allows for the fine-tuning of their
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physical and mechanical properties [3]. An important aspect of the comparison between
metals and polymers is that the latter can be enzymatically degraded to their building
components and excreted or metabolized by the body in the process of tissue regeneration
without the need for secondary surgery for removing the material [4].

Polycaprolactone (PCL) is a synthetic polymer with a wide application in tissue
engineering. It is a semicrystalline polyester with a melting point between 59 °C and
64 °C [5]. Due to its low glass transition temperature of —56 °C, the polymer remains
highly permeable for macromolecules under physiological conditions. Because of this
property, PCL has been used as a material for drug-delivery systems [3]. Similar to PLA,
the high number of methylene groups makes the polymer hydrophobic, which could
affect its interaction with human cells [6]. PCL exhibits a very slow degradation rate
that arises from its hydrophobicity and degree of crystallization. The molecular weight
further influences these two properties of the material [7]. The degradation of PCL mainly
occurs via hydrolysis either in an enzymatic (by esterases and lipases) or a non-enzymatic
manner [8]. The process of polymer degradation yields intermediate products that could
be metabolized via the citric acid cycle and thus eliminated from the body [5]. It has been
investigated that PCL’s mechanical properties are not sufficient to withstand the tension
that, for example, cortical bones could exert on it [9-11]. Thus, different strategies for the
improvement of these properties have been employed, e.g., creating blends with ceramic
materials or producing PCL scaffolds with distinct pore sizes and geometries [11].

The initial attachment of single bacterial cells to the implant’s surface is followed by
the aggregation of microorganisms and the secretion of extracellular polymeric substances
(EPS) [12]. The gradual formation of a thick slime layer represents the bacterial biofilm,
which plays the role of a shelter for the bacterial cells. Thus, they can not only evade
host immune cells but also resist antibiotic treatment that can lead to a major irreversible
infection [13]. Bacteria can sense the surrounding environment via several mechanisms
including chemical, biological, and physical [14]. The ionic concentration and the presence
of biological molecules or antimicrobial peptides can guide the bacterial cells to the appro-
priate site for adhesion. Furthermore, the cells can use mechanosensors in order to make
physical contact with different surfaces. The interactions between cells and surfaces fall
into three main categories: non-specific physiochemical, specific, and surface mechanosens-
ing [14]. On the material’s side, the factors that have a great influence on the bacterial
adhesion include the chemical composition, surface energy, wettability, and surface topog-
raphy [12,15]. The morphological appearance and the roughness of a material at the micro
or nano level could physically hinder the attachment of a cell. Patterns with a distinct
morphology (e.g., pillar-like) can lead to a reduced contact area and points for contact,
thus preventing the cell from properly expanding its mechanosensors and establishing
a physical connection with the material through specific molecules called adhesins [15].
Hence, various strategies for the modification of implants’ surfaces have emerged including
the development of layers that either contain antimicrobial agents or aim to change the
roughness of the implant.

A very prominent solution for developing a physical barrier for the inhibition of
bacterial adhesion onto materials is femtosecond (fs)-laser surface processing [16]. Unlike
the linear absorption of laser energy in metals, in the case of PCL, which is considered a
dielectric, the laser energy is absorbed via non-linear processes, which involve multiphoton
ionization [17]. Since the duration of an ultra-short pulse is less than the time (<ps) required
for the pulse energy to dissipate along the structural lattice after a multiphoton ionization,
the irradiation does not lead to a thermal diffusion that could, in turn, result in unwanted
photomechanical damage to the material [18]. Thus, fs-laser micromachining allows for a
gentle surface patterning that alters the roughness and the morphological appearance of the
irradiated zone without substantially affecting its structural integrity [16]. Several research
groups report the use of an fs-laser for surface texturing of materials [19-21]. Chen et al.
investigated the effects of surface topography by creating parallel microchannels (width
of 1-2 um) lined with nanopillars (200 nm) (A = 1040 nm; T = 375 fs; v = 20 kHz; E = 80 nJ)
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on borosilicate glass [20]. The study reported that the nanoroughness greatly reduced the
viability of both E. coli and S. aureus by exerting mechanical stress on their membranes.
Jalil et al. studied how the increase in laser fluence (0.1 J/cm? to 3 J/cm?) with a shorter
pulse width (30 fs) led to the gradual transition of ordered (laser-induced periodic surface
structures; LIPSS) to disordered structures at both micro- and nanoscales on gold [21]. The
authors observed that laser-induced nano topography (LIPSS) inhibited bacterial adhesion
by reducing the contact points and disrupting the bacterial cells. In addition to their
ability to hinder bacterial attachment, such types of superficial modifications could be
used to influence the physiochemical properties of materials such as the wettability degree
without greatly altering their chemical composition. For example, a study employing fs-
laser parameters similar to the ones described in the following sections (A = 800; = 130 fs;
v =1 kHz) showed that the patterning of micro trenches with roughness on a nanoscale
led to a significant increase in hydrophobicity (6 = 120°~156°) compared to unprocessed
surfaces (6 = 75°) [22]. This process is mainly attributed to the formed topographies that
influence the contact between liquids and the modified surface [23].

In this paper, we aim at developing antibacterial surfaces for bone tissue engineering.
The novelty behind our approach for achieving this aim includes the use of ultra-short
laser pulses for processing biocompatible polymers, which represents a contactless, highly
precise, and reproducible method for obtaining surface patterns with defined locations
and dimensions. The methodology described in this article involved the production of 3D-
printed PCL scaffolds with pre-defined geometry, whose surface was textured via fs-laser
modification. The antimicrobial potential of the formed patterns was evaluated by using
S. aureus and E. coli. The effects of the modified scaffolds on the viability, proliferation, and
differentiation of osteoblastic cells were further investigated.

2. Materials and Methods
2.1. Fabrication of Polymeric Scaffolds

PCL-based 3D scaffolds, resembling a woodpile construct, were fabricated via extru-
sion 3D printing. The standard operating procedure was already described and established
by Daskalova et al. [24]. In brief, PCL pellets with My, = 45 kDa (Sigma-Aldrich, St. Louis,
MO, USA) were melted at 70 °C in a cartridge unit and extruded through a 250 um needle at
a pressure of 5 bar and speed of deposition of 95 mm /min. The constructs were fabricated
layer by layer with space between separate fibers of 140 pm and a thickness of the layers of
160 um. The layer deposition angle was set to 90 °C.

2.2. Surface Modification by Femtosecond-Laser Machining

The surface of the PCL scaffolds was processed with a Ti:sapphire fs-laser (Quantronix-
Integra-C, Hamden, CT, USA) emitting at a central wavelength of 800 nm with a pulse
duration (7) of 130 fs. The repetition rate for (v) was set at 1 kHz. The number of applied
laser pulses (N) was adjusted by the velocity of a vertical translation stage controlled by
computer software (LabView). All scaffolds were adjusted on the translation stage (moving
in XY directions), which was positioned perpendicular to the direction of the laser beam.
The parameters chosen for material processing for all in vitro experiments were as follows:
N =2 or 10; laser fluence (F) 0.08 J/cm? and distance between two adjacent laser spots (dy)
45 or 35 um. This decision was based on the findings of a previous investigation into this
subject [24]. In addition to these samples, a separate set of PCL scaffolds were modified
with the following fs-laser parameters: N = 1/2/5/10; F = 0.08/0.17/0.42/1.23 ] /em?;
dx= 65 or 75 um. These samples were used to assess the morphological changes that a
gradual increase in the number of applied laser pulses and laser fluence could induce in
the material.
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2.3. Characterization of fs-Laser-Processed Scaffolds

2.3.1. Assessment of fs Laser Derived Topography Features and Their Effects on the
Morphology and Cell Growth Pattern of S. aureus and MG-63 Osteoblastic Cell Lines via
Microscopic Techniques

Laser-processed matrices were visualized by scanning electron microscopy (SEM)
(SU5000 Hitachi High-Tech Europe). Prior to the analyses, the samples were coated with
a thin layer of platinum (~4 nm). The images were obtained at 15 kV. The morphological
changes on the surface of the materials arising from the increase in applied laser pulses were
investigated by a 3D optical surface metrological system Leica DCM3D (Leica Microsystems,
Wetzlar, Germany). Two- and three-dimensional topographical images in true colors
were obtained by vertical scanning of selected modified or control areas. All images
were obtained at 20 x magnification with the field of view being 636.61 x 477.25 pum?
or at 10x (field of view 1.27 x 0.95 mm?). Based on the acquired images in true colors,
the roughness of the modified areas on the material was evaluated in accordance with
ISO 4287. For this purpose, the arithmetical mean height (Ra) was taken into account.
All data obtained by the 3D optical system was processed via ProfilmOnline software
(www.profilmonline.com, accessed on 6 April 2022).

All samples used for in vitro analyses with osteoblast-like and bacterial cells were
fixed in 1.5% glutaraldehyde solution (prepared in 25% cacodylate solution, TAAB labora-
tories equipment Ltd., Aldermaston, England) for 15 min followed by storage in sodium
cacodylate solution. They were serially dehydrated in gradually increasing alcohol concen-
trations (50%, 70%, 90%, 100% ethanol) followed by critical point drying. Samples were
sputter-coated with a thin layer of gold-palladium coating and evaluated using SEM (JEOL
JSM-700, Tokyo, Japan).

2.3.2. Analysis of Wettability and Surface Energy Changes in Relation to
fs-Laser Processing

Wettability studies were performed using a video-based optical contact angle measure-
ment device DSA100 Drop Shape Analyzer (KRUSS GmbH, Hamburg, Germany). In order
to fully evaluate the wetting state and the total surface energy of the control and modified
surfaces, three types of liquids were used based on their polarity: distilled water (highly
polar), ethylene glycol (medium polarity), and diiodomethane (very low polarity). Static
contact angles were measured at room temperature by the sessile drop method on droplets
of 2 puL. The measurements were performed with a minimum of 3 drops per sample type.
The drop evolution was followed for a total of 3 min as measurements were taken at each
second during the first minute and every minute for the next two. Contact angles and
surface energy were calculated by ADVANCE software (KRUSS GmbH, Hamburg, Ger-
many) fitting the drop profiles to the Young-Laplace equation. Surface energy (SFE) was
calculated by the software following the Owens—Wendt-Rabel-Kaelble (OWRK) equation

(Equation (1)) [25].
T2 =71+ 72 -2y (¥§18) =2/ (1} 5), @

2.4. Degradation Test in Phosphate Buffer Saline

Fs-laser-irradiated (F = 0.08 J/cm?; N = 2) 3D printed PCL scaffold was immersed in
phosphate buffer saline (PBS, pH 7.2, Sigma-Aldrich, St. Louis, MO, USA) for 7 weeks.
The pH was read every week with a pH meter with an external sensor (VAT1011, V & A
Instrument Co., Ltd., Shanghai, China).

2.5. In Vitro Cytocompatibility Assessment

In vitro cytocompatibility assessment was performed on osteoblast-like MG63
(ATCC®CRL-1427™) cells cultured in alpha-MEM medium supplemented with 10% fe-
tal bovine serum (FBS), 100 IU/mL penicillin, 100 ug/mL streptomycin, and 2.5 pg/mL
amphotericin B (all reagents from Gibco, USA) at 37 °C, 95% humidity and 5% CO; at-
mosphere. Cells were seeded over the materials at a density of 2 x 10° cells/cm? and
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cultured for 7 days in basal (as described above) and osteogenic-induced conditions. On
induced cultures, MG63 cells were pre-treated with 50 ng/mL ascorbic acid and 10 nM
dexamethasone for 48 h. Next, cells were passaged and seeded over the materials in an
osteogenic medium containing 50 ug/mL ascorbic acid, 10 nM dexamethasone, and 10 mM
beta-glycerophosphate (all from Sigma-Aldrich, St. Louis, MO, USA). Cell cultures were
characterized for metabolic activity (Resazurin assay), alkaline phosphatase (ALP) activity,
and SEM analysis.

2.5.1. Resazurin Assay

Metabolic activity of MG63 cells on PCL samples was assessed through the Resazurin
assay on day 1, day 3, and day 7 for both non-induced and induced cell cultures. Briefly, all
samples were transferred to a fresh well plate before incubation for 3 h in 10% Resazurin
solution (Resazurin sodium salt, Sigma-Aldrich R7017) prepared in a complete medium
(alpha-MEM with 10% FBS, 100 IU /mL penicillin, 100 pug/mL streptomycin, and 2.5 pg/mL
amphotericin B) at 37 °C. Fluorescence (530 nm excitation/590 nm emission) was measured
in a microplate reader (Synergy HT, Biotek, Winooski, VT, USA) with Gen5 1.09 Data
Analysis Software.

2.5.2. Alkaline Phosphatase (ALP) Activity

The ALP activity of cells was evaluated on day 3 and day 7 of osteoinduction. Cell
lysates were prepared in 0.1% Triton X-100 (in distilled water) for 30 min followed by the
hydrolysis of p-nitrophenyl phosphate substrate (p-NPP, 25 mM, Sigma-Aldrich, USA) in
an alkaline buffer (pH 10.3, 37 °C, 1 h). The reaction was stopped with 5 M NaOH and
the product (p-nitrophenol) was measured at 400 nm in a microplate reader (Synergy HT,
Biotek, USA). Results were normalized to total protein content, measured using the DCTM
Protein Assay (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions,
and expressed as nanomoles of p-nitrophenol per microgram of protein (nmol/ug protein).

2.6. Antimicrobial Activity

Antibacterial activity of all samples was assessed against Staphylococcus aureus (ATCC
25923) and Escherichia coli (ATCC 25922). PCL samples were incubated with 10,000 CFU/mL
of bacterial suspension for 6 h, 24 h, and 48 h in tryptic soy buffer. Biofilm forma-
tion/inhibition was assessed using SEM analysis. CFU assay measurements were made
after 24 h of incubation.

2.7. Statistical Analysis

Results for the biological assays are presented as mean =+ standard deviation of three
independent experiments, with three replicas for each experiment. One-way analysis of
variance (ANOVA) was used with Bonferroni’s post hoc test for data evaluation. Values of
p < 0.05 were considered significant.

3. Results
3.1. Inducing Morphological Changes in the Surface Profile of the 3D-Printed PCL Scaffolds by
fs-Laser Micromachining

The physical effects that the fs-laser treatment exerted on the surface of the scaffolds
were visualized by a 3D optical system and SEM. As previously seen, the chosen working
parameters F = 0.08 J/cm? and N = 2 and 10 lead to the formation of surface patterns
resembling protrusions (N = 2) and microchannels (N = 10) (Figure 1) [26]. The average
height of the protrusions was 12.03 um, whereas the average depth of the microchannels
was 32.87 um with an average width of 28.7 um. The surface roughness within the mi-
crochannels ranged between 0.14 and 0.8 um. A measurement of the arithmetical mean
height (Ra) across the modified areas was obtained in order to observe the variation of
the roughness in relation to the achieved surface morphologies. For N = 2, the Ra value
was 1.15 um and for N = 10 it was found to be 5.1 um. In comparison, the control sample
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showed an Ra of 0.08 um. A study monitoring the attachment and proliferation of MG63
cells on Mg-based metallic glass showed that a surface with a roughness of ~0.22 um led to
the highest cell attachment, whereas a roughness of ~0.24 um led to an improved calcium
deposition [27]. The formed microchannels as a result of the increased number of applied
laser pulses, substantially improved the overall roughness of the material, thus providing a
surface that would be suitable for cell adhesion and osteogenic differentiation.
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Figure 1. 3D and SEM profiles of PCL scaffolds irradiated with an fs-laser. (a,d) Control sample;
(b,e) A fiber of the polymeric scaffold processed with F = 0.08 J/ cm?; N = 2; (of) A fiber of the
polymeric scaffold processed with F = 0.08 J/cm?; N = 10.

As an additional assessment, the evolution of the ablation crater on the material in
relation to the number of applied laser pulses and laser fluence was investigated. Regardless
of the laser fluence used in the experiments, with a lower number of applied pulses (1 or 2)
the laser-matter interaction led to a build-up of melted material without any substantial
ablation (Figure 2a,b). However, the increase of N to 5 and 10 caused the formation of
engraved channels (Figure 2¢,d). The morphological observations of the 3D true-color
images revealed the transition between the protruding patterns and the microchannels.
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30 pm

a5 um

25 um

Figure 2. 3D profiles of PCL scaffold treated with the same fluence (0.08 J/cm?) and rising applied
laser pulses. (a) N =1; (b) N =2; (¢) N=5; (d) N =10.

As expected, the highest laser fluence (1.25 J/cm?) formed a laser spot with the largest
diameter with both N = 1 and N = 10 (Figure 3). However, the increase in the fluency in
the range 0.08-0.42 ] /cm? at N = 1 did not lead to a major change in the dimensions of the
physical mark on the material.

8000
-u- N=1
6000 = N=2
v N=
4000 = N=10

v
X

o-m
0.0 0.5 1.0 1.5

Fluence (chmz)

Squared crater diameter
(nm?)

Figure 3. Increase in laser crater diameter with rising laser fluence and applied laser pulses.

3.2. Hydrophobic Behaviour of fs-Laser-Treated PCL Scaffolds

The water contact angle (WCA) evaluation with a highly polar solvent revealed that
the fs-laser treatment with N = 10 led to an increase in the wettability of the polymeric
scaffolds; however, the material still retained a contact angle of slightly less than 90° 180 s
after the drop deployment (Figures 4 and 5). In contrast, the control samples showed a
WCA of 123.3° at t =1 s and 115.8° at t = 180 s. When comparing the two types of formed
surface morphologies, it could be clearly seen that the microchannels had a stronger effect
on the improvement in PCL wettability. The reason behind this observation could be that
a part of the water droplet spread along the microchannel while entrapping air in the
valleys of the channels. Thus, a solid-liquid—air interface could be formed that would not
allow the full disruption of the droplet. In this case, the interaction between the liquid and
the roughened surface might follow the Cassie-Baxter wetting state [28]. Potentially, the
microprotrusions had the same impact on the water droplet, in terms of spreading, as they
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resembled continuous channels due to their partial fusion. By observing the laser-induced
patterns and the wettability results, we could hypothesize that the reduction in the water

contact angle values was attributed mainly to the changed surface morphology.

WCA (8°)

130 T T

120 4

100

90

80 T T

control

—— F=0.08 Jicm?; N=10
F=0.08 Jicm?, N=2

110 -\

0 20 40

60

time (s)

T T T T
80 100 120 140 160 180

Figure 4. Water contact angle evaluation before and after fs-laser treatment. The scaffolds processed
with F=0.08]/cm? and N = 10 showed an improved wettability behaviour (0 = 94° at t = 15; 0 = 82.3°

at t = 180 s) when compared to the control ones (0 =123.3° att=15;0 =115.8° at t = 180 s).

i‘ t= 0 sec; ©=93.9°

t= 0 sec; ©=93.9°

t= 0 sec; ©=123.3°

b t=30sec; 0=87.60

t= 30 sec; ©=94.2°

t= 30 sec; ©=118.8°

C | t= 60 sec; ©=87.9°

t= 60 sec; ©=93.3°

t= 60 sec; ©=117.7°

| d | t= 180 sec; 0=82.3°

t= 180 sec; ©=88.9°

t= 180 sec; ©=115.8°

Figure 5. Evolution of a water droplet on the surface of fs-laser processed and control scaffolds

for a period of 3 min. First-row images (a-d) represent a water droplet on scaffolds irradiated

with F = 0.08 J/cm?; N = 10; second-row images (e-h) represent a water droplet on scaffolds treated

with F =0.08]/cm?; N = 2; third-row images (i-1) depict the hydrophobic nature of the control
PCL scaffold.

Contrary to the results with distilled water, ethylene glycol drops fully spread over the
surface of both the laser-treated and the control samples approximately 30 s after deposition
(Figure 6). In the case of the highly dispersive solution (diiodomethane), the drops of the
solvent immediately wetted the whole surface of both the modified and control scaffolds.
Hence, a contact angle could not be measured on either of the two types of samples.
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Both ethylene glycol and diiodomethane possess a higher dispersive component of their
surface energy compared to the polar one, and the same statement has been reported
for polycaprolactone, mostly attributed to its nonpolar CH; groups [29,30].The complete
spread of both solvents on the scaffold’s surfaces could be explained by the attraction
between the higher dispersive components of surface energies of both the material and the
solvents [30]. The authors implied that a decrease in the polarity of a given surface, leaving
a higher nonpolar component, would have a repelling effect against a polar solvent such as
distilled water but not toward nonpolar solvents.

a | t= 0 sec; ©=49.6° b | t= 30 sec; ©=N/A°

t= 0 sec; ©=89.9° d | t= 30 sec; ©=N/A°

t= 0 sec; ©=71.7° t= 30 sec; ©O=N/A°

Figure 6. Contact angle of ethylene glycol on fs-laser-treated PCL. (a,b) Surface with microchan-
nels (F = 0.08 J/cm?; N = 10); (c,d) Surface with microprotrusions (F = 0.08 J/ cm?; N = 2);
(e,f) Control scaffold.

Based on the contact angles of distilled water and ethylene glycol, the surface energy
of the scaffolds was calculated by the software. Overall, it was noted that the fs-laser
irradiation greatly reduced the surface free energy of the material. The analysis of the
control samples showed an SFE of 193.8 mN/m. On the contrary, the samples treated with
N =10 exhibited an SFE of 20.8 mN/n and the samples patterned with microprotrusions,
18.3 mN/m. These results were in contradiction to the ones regarding the wettability of
the scaffolds. In particular, the higher surface energy would imply that a given surface is
hydrophilic and a reduction in the surface energy would result in a shift to a hydrophobic
state [30]. However, our findings showed the opposite trend—the laser-treated samples
with lower values for SFE were hydrophilic (8 = 82.3° for the microchannels pattern and
0 = 88.9° for the protrusions pattern), whereas the control scaffolds with a nearly 10-fold
higher SFE were found to be hydrophobic (6 = 115.8°). Furthermore, the SFE was calculated
by built-in software taking into consideration the contact angles of water and ethylene
glycol. Unlike water, ethylene glycol completely spread over both the treated and control
surfaces 30 s after drop deployment, which could have impacted the overall software
calculation. Based on these observations and together with the presence of surface laser-
induced roughness, it could be concluded that the method used for obtaining SFE values
might induce an error in the overall calculation of SFE. Thus, further optimization of the
experimental procedure is needed, and using alternative methods for the estimation of
surface energy shall be applied.

3.3. Change in pH of PBS in Accordance with PCL Degradation

As a preliminary degradation test, the fs-laser-processed PCL was immersed in PBS
over 7 weeks and the change in the pH of the solution was monitored. There was an overall
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reduction trend from a pH of 7.3 at week 0 to a pH of 6.72 at week 7 (Figure 7). The sharp
peak at week 3 indicated that a slight increase in the pH values was not considered signifi-
cant. Up to this point, no morphological analyses during the degradation test have been
performed; however, no significant changes are expected. Due to its slow degradation rate
(potentially taking up to 4 years), it has been shown that it would take about 12 weeks of
PCL in PBS to exhibit initial slight disruptions in the surface morphology [31,32]. Thus, it
has been assumed that our preliminary degradation test should not have induced any alter-
ations in the laser-induced surface modifications. Further optimization of the experiment
as well as performing it by using simulated body fluid would yield more accurate results.

7.3

7.2

7.1+

pH

7.0 1

6.9

6.8

6.7 T T T T T T T
0 1 2 3 4 5 6 7

degradation time (weeks)

Figure 7. Monitoring pH change as a response of fs-laser-treated PCL degradation in PBS over
7 weeks.

3.4. Cytocompatibility

In order to assess the cytocompatibility of human osteoblast-like cells on fs-laser-
induced microtopographies on PCL, cells were cultured for 11 days on the microchannel-
patterned surface along with the non-laser treated controls (Figure 8). The laser-treated
samples demonstrated significantly higher cell viability at all points during cell culture
compared to the control samples. Further, SEM analysis revealed that cells showed a
typical elongated morphology with cytoplasmic extensions and both cell-cell contact and
cell-material interaction. Contrastingly, only a few cells with a round and disrupted
morphology were seen on the non-laser treated controls. The distinct cell growth pattern
and morphological behavior of the laser-treated and untreated samples are clearly seen in
Figure 8e, which shows a representative image of a seeded semi-treated PCL sample.

Next, osteoblast induction with osteogenic growth factors (ascorbic acid, dexametha-
sone, and beta-glycerophosphate) was selectively performed on the two laser-induced
topographies— the microchannels and protrusions (Figure 9). The resazurin assay revealed
that cells demonstrated higher metabolic activity on protrusions compared to microchan-
nels (statistically significant at day 3, ~20%, p < 0.05). The same modification also led to a
higher production of total protein content by the cells in comparison to the microchannels
(not shown). However, the ALP activity (ALP levels normalized to total protein content)
was significantly higher in microchannels (at day 7, ~twice, p < 0.05). This suggests en-
hanced osteogenic differentiation of cells growing on the microchannels. Nevertheless, SEM
analysis revealed cell adhesion and alignment along both microchannels and protrusions
(Figure 9). Furthermore, induction of the cells with osteogenic factors led to the deposition
of nanovesicles and extracellular matrix proteins that are visible at higher magnification,
indicating the osteogenic potential of the cells in both structures.
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Metabolic Activity
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Figure 8. Metabolic activity (days 1, 3, 7, and 11) and SEM representative images (day 7) of hu-
man osteoblastic cells cultured over laser-induced microchannel topography on PCL (a,c,e) and
control (b,d,e), in basal conditions. Scale bar: 20 um (a); 200 um (b); 10 um (c); 100 um (d), and
40 pum (e). * Significant difference from control (unmodified PCL), p < 0.05.

. Metabolic activity ALP Activity
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Figure 9. Metabolic activity (days 3 and 7), ALP activity (days 3 and 7), and SEM represen-
tative images (day 7) of human osteoblastic cells cultured over laser-induced topographies on
PCL microchannels (a—c) and protrusions (d—f), in osteogenic conditions. Scale bar: 100 um (a,d),
10 um (b), 20 um (e), 2.5 um (c), and 2 um (f). * Significant difference from protrusions, p < 0.05.
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3.5. Antibacterial Assay

S. aureus adhesion was observed on all PCL surfaces (microchannels, protrusions, and
the non-laser treated control), but colonization appeared relatively limited. Key factors
that could influence bacterial colonization include the physicochemical properties of the
material’s surface as well as its roughness. Taylor et al. demonstrated that although an
increase in surface roughness from 0.04 um to 1.24 um stimulated bacterial adhesion, a
further rise in roughness beyond 1.86 um resulted in reduced bacterial retention [33]. Our
results are in accordance with these reports and show greater bacterial colonization on
protrusions, whereas the surface roughness is below the threshold (Ra = 1.15 pm) compared
to the microchannels (Ra = 5 um) with a higher surface roughness than the threshold.
On the control PCL samples, the SEM images suggested a slight increase in colonization
from 6 h to 48 h (Figure 10a,b) with the cells maintaining the typical round morphology
(Figure 10c) and size of ~ 0.5-1.0 um in diameter. In contrast, bacterial cell behavior was
negatively affected by the PCL laser-treated samples. At 48hrs after incubation, the number
of attached cells on the treated samples was clearly lower (Figure 10e,h) than that on
the control (Figure 10b). Laser-treated surfaces induced a significant disruption in the
cell morphology, which was more evident in the microchannel topography (Figure 10f)
compared to the protrusion surface (Figure 10i). Cells lost the typical round morphology,
presenting a rough appearance and evident signs of cell lysis (Figure 10f,i). CFU analysis
further revealed that the microchannels showed potential antibacterial activity compared
to protrusions. The mean size of the surface topographical features has been correlated
with the bacterial adhesion and colonization [34]. It has been established that when the size
of the micron-scale topographies is lower than the size of bacteria, they prevent bacterial
adhesion by limiting the surface area and contact points for the attachment [35]. In our
study, the overall surface roughness within the channels was found between 0.14 and
0.8 um, which is lower than the dimensions of the bacteria types tested in our study, S.
aureus (0.5-1 um) and E. coli (1-1.5 pm). This explains the greater inhibition of bacterial
attachment on microchannels.

CFU Assay

mm Microchannels
=1 Protrusions
= Control

Control

Microchannels

Protrusions

Figure 10. Representative SEM images (6 h and 48 h) of PCL surfaces colonized with S. Aureus—
topographies of the control (a—c), laser-induced microchannels (d-f), and protrusions (g-i),. CFU
assay on the three PCL surfaces. Scale bar: 2 um (a,b,d,e,g,h), and 1 um (c,f,i). * Significant difference
from control (unmodified PCL), p < 0.05.

Considering the current visual and analytical results on surface morphology, a reason
for this observation could be that the bottom of the microchannels (Figure 10e,f) appeared
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to have lower roughness due to the laser-induced material redistribution resulting in the
partial movement of the surface layers and the subsequent cooling of the material. Thus,
there would be less surface area for the bacterial cells to attach to. In comparison, the
control sample and the one bearing microprotrusions appeared to have a rougher and more-
caressed surface morphology, which could provide for more cells to adhere to. Furthermore,
another factor that could influence the adhesion of bacteria is their motility. S. aureus is
known to be a non-motile bacterium and a lack of motility could affect its successful spread
and adhesion to the bottom part of the microchannels. A similar low adhesion of non-motile
P. fluorescence has been observed by Scheuerman et al. who monitored the attachment of
bacteria to microscale grooves on silicon [36].

The behavior of E. coli on the PCL samples was clearly different. SEM analysis revealed
a significantly higher bacterial coverage compared to that of S. aureus. This resulted from
the very high growth rate from 6 h to 48 h of incubation. At 6 h, adhesion was higher on
the PCL control (Figure 11a) compared to that on the laser-treated surfaces (Figure 11e,i).
In these topographies, cell adhesion was mainly observed in the protected bottom of the
surface channels (Figure 11e) and on the smooth surface around the protrusions (Figure 11i).
The bacteria presented with characteristic rod-like morphology and regular size (~1-2 pm
long). During the incubation period, the high cell growth was associated with the formation
of an extracellular matrix on all surfaces. Nevertheless, evident differences were seen in the
formed biofilm on the untreated (control) and treated PCL surfaces. On the control PCL,
the cells were already deeply embedded within a dense matrix at 24 h (Figure 11c) and
partially buried at 48 h (Figure 11d). In contrast, the cells growing on the lasered surfaces
formed a loose fiber reciprocal connection and were seen as individualized, being unable
to produce a continuous sticky matrix (Figure 11g,h k,1). Furthermore, anomalies in the cell
division pattern were noted with the formation of long bacterial chains (Figure 111).

Microchannels Control

Protrusions

Figure 11. Representative SEM images (6 h, 24 h, and 48 h) of PCL surfaces colonized with E. coli—
topographies of the control (a-d), laser-induced microchannels (e-h), and protrusions (i-1). Scale bar:
10 um (a,e,i), and 2 pm (b-d,f-h,j-1).

4. Discussion

Cellular attachment and behavior are influenced by both the surface topography as
well as the wettability of the scaffolds. Polycaprolactone (PCL) is an FDA-approved, hy-
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drophobic polymer, which has been reported to have poor cell attachment. Our study
demonstrated that femtosecond-laser-derived microchannels on the surface of PCL ren-
dered the scaffold more hydrophilic by reducing the water contact angle from 115.8° to
82.3°, thus enhancing cellular adhesion and proliferation. These results are in accordance
with previous studies reporting the enhanced laser-induced wettability of PCL and its
correlation with cellular adhesion [24,37]. As an addition to its surface hydrophilicity,
another important aspect of the behaviour of the PCL scaffold when in contact with the
external environment is its stability over time and more specifically the endurance of the
surface modifications. Due to the polymeric nature of the PCL, the resulting fs-surface
modifications on the 3D constructs would remain solid and permanent as they do not
change their morphology over time when stored at room temperature. The colonization
of the surface with cells participating in the tissue repair process would take on average
between 5 and 15 days, and it has been observed that substantial changes in the surface
morphology of PCL in phosphate buffer saline (PBS) occur after 72 weeks. Thus, it could
be stated that the laser-induced surface modifications would remain stable long after the
initiation of tissue regeneration [32,38].

We generated femtosecond-laser-induced microstructures on PCL such as microchan-
nels and microprotrusions, which promoted the directional and guided growth of osteoblast-
like cells. We observed a higher degree of cell attachment and alignment along the mi-
crochannels with the enhanced osteogenic potential of cells (ALP activity). We further
observed signs of differentiation including extracellular secretions on the microstructured
PCL scaffolds indicating the osteogenic potential of the cells over the PCL scaffolds. These
results are supported by past studies reporting enhanced attachment and guided cell
growth along microchannels for various cell types [39—41]. A possible mechanism of
microstructure-induced cell growth is postulated to be the increased surface roughness
that supports protein adsorption and thus cellular adhesion [42]. Our analyses showed
that the Ra values for the bottom of the laser-derived microchannels ranged between 0.14
and 0.8 pm. Andrukhov et al. explored the effects of microroughness on the osteogenic
potential of MG63 cells [43]. This study indicated that titanium surfaces with an Ra of
1 um enhanced the expression of ALP and osteocalcin, whereas Ra values of more than
2 um reduced both the cell adhesion and differentiation. Our observations were also in
accordance with the findings of Faia—Torres et al., whose study demonstrated that PCL
membranes with an Ra of ~0.93 um improved the levels of ALP expressed by human
mesenchymal stem cells [44]. In the future, validation studies employing the proposed
experimental methodology can be performed on human mesenchymal stem cells with a
detailed analysis of gene expression.

Several cellular studies in the past have been performed on femtosecond-laser-induced
microstructures on biodegradable polymers indicating guided cell growth and even dif-
ferentiation into different lineages in the absence of inducing factors [40,45]. Yeong et al.
demonstrated a high degree of alignment and proliferation for C2C12 mouse myoblast cells
along the microchannels generated by femtosecond-laser on a poly(L-lactide-co-epsilon-
caprolactone) copolymer [39]. Further studies on this co-polymer with human mesenchy-
mal stem cells revealed an upregulation of the expression of myogenic genes [46]. Studies
on other biopolymers such as collagen, gelatine, and elastin also demonstrated preferential
cell proliferation and migration along laser-irradiated micropatterns [47]. Femtosecond-
laser ablation has also been used as an approach for confining the growth of cells. Studies
with mouse embryonic cell cultures revealed that fs-laser-ablated PCL-gelatine blends led
to the confined growth of cells in the microwells [48]. This strategy has also been exploited
for vascular tissue engineering for containing the growth of smooth muscle and endothelial
cells along tubular PCL scaffolds [49].

In addition to enhanced cytocompatibility, the results also pointed to the antibacterial
potential of the femtosecond-laser PCL surfaces. It is well-established that the adhesion,
spreading, and growth of both eukaryotic and prokaryotic cells are greatly affected by
surface topography. However, the responses to how they sense topographical features
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are distinct. Eukaryotic cells have the ability to expand the cytoplasm by adapting their
morphology to the underlying surface thus retaining their shape, compared to bacteria that
have a characteristic shape and a limited capacity to deform. This hinders bacteria—surface
interaction and particular topographical features may further limit bacterial sensing ability,
preventing bacterial adherence [50]. Antibacterial activity associated with topographi-
cal features is advantageous for its long-term effects as it retains its anti-adhesive effects
and/or elicits mechano-inhibitory effects after bacteria attachment, i.e., morphological
abnormalities and cell lysis [51]. Femtosecond-laser-induced microtopographies have been
reported to influence bacterial cell attachment, colonization, and biofilm formation for both
Gram-positive and Gram-negative bacteria [52-54]. Furthermore, the type of laser-induced
pattern (such as pillar-like, honeycomb, etc.) has also been demonstrated to influence
reduced bacterial attachment and confined entrapment [55-57]. In agreement with this,
the present results on PCL surfaces clearly suggest that the femtosecond-laser-induced
topographies, in particular the microchannel’s patterned surface, had a negative effect
on the behavior of S. aureus, the most common Gram-positive bacteria associated with
biofilm formation in orthopaedic infections. The behavior of E. coli, which was occasionally
involved in these infections, was also clearly affected as the bacteriostatic effect of the scaf-
folds was less profound on E. coli and they showed reduced sensitivity to microtopography.
On the laser-treated surfaces, sessile (adhered) bacteria lost the ability to form a sticky and
dense polymeric matrix preventing the establishment of a stable biofilm, which is the most
relevant 3D structure for bacteria to evade the host defence mechanisms [58]. Nevertheless,
within the observed inhibitory effects, significant differences were noted in the behavior
of the two species on the PCL surfaces, namely a high proliferation growth rate of E. coli
compared to that of S. aureus. Previous studies also reported that bacterial responses to
underlying surface topography are highly species- and strain-dependent, including in
femtosecond-laser-modified surfaces [52,54]. These differences in the antibacterial activity
of S. aureus and E. coli are related to the structure and composition of the cell wall in
Gram-positive and negative bacteria. S. aureus has a thick, rigid peptidoglycan layer. In
contrast, E. coli, which is a Gram-negative bacterium, has a thin peptidoglycan layer with
an additional outer membrane offering extra resistance to the bacteria. In contrast to the
bacteria, the cell membrane of mammalian cells is highly fluidic and can adapt easily
to micron-scale topographies allowing cytoplasmic spreading and migration [59]. Cells
attach to the substrate using integrin proteins and migrate and then as probing along a
surface using filopodia and lamellipodia, which extend to the micron scale. Increased
surface roughness provides greater focal adhesion points leading to higher migration and
proliferation. This explains the differential responses of bacterial and mammalian cells
(including osteoblastic cells) toward surface topography. Overall, the contrasting responses
of the bacteria to the laser-processed surfaces are determined by various cell-specific factors.
Some of these might include the intrinsic structural, biochemical, and metabolic differences
between Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria that, together with
the distinct size and morphology of the two species, determine the specific bacteria/surface
interactions during adhesion and subsequent proliferation.

5. Conclusions

In this study, we demonstrated a novel approach to patterning the surface of 3D
polycaprolactone scaffolds by femtosecond-laser with the aim of developing distinct types
of topographies—microchannels and microprotrusions. The parallel microchannels allowed
the successful guidance and enhancement of the osteogenic potential of MG63 cells. In
combination with the improved cytocompatibility, the same microtopography showed
strong antibacterial effects against S. aureus. By developing a biodegradable scaffold that
has the potential to simultaneously promote bone tissue regeneration while preventing
bacterial biofilm formation, we become a step closer to overcoming the current problems in
bone tissue engineering.



Polymers 2022, 14, 2382 16 of 18

Author Contributions: Writing, E.F.; original draft preparation, E.E; investigation, E.F,; writing, L.A;
original draft preparation, L.A.; methodology, S.V.; original draft preparation, S.V.; writing, S.V.;
methodology, M.H.E,; writing, M.H.E,; supervision, M.H.E,; formal analysis, M.H.E,; investigation,
G.M.,; formal analysis, G.M.; data curation, M.L.; investigation, M.L.; supervision, I.B.; Conceptual-
ization, A.D.; methodology, A.D.; writing, A.D.; supervision, A.D.; project administration, A.D.; All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by: EUROPEAN UNION’S H2020 research and innovation
program under the Marie Sklodowska-Curie Grant Agreement AIMed No. 861138; BULGARIAN
NATIONAL SCIENCE FUND (NSF) under grant number No. KP-06-H48/6 (2020-2023), and H2020
FET Open METAFAST Grant Agreement No. 899673.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Matassi, F,; Botti, A.; Sirleo, L.; Carulli, C.; Innocenti, M. Porous Metal for Orthopedics Implants. Clin. Cases Miner. Bone Metab.
2013, 10, 111-115. [PubMed]

2. Hussain, M.; Askari Rizvi, S.H.; Abbas, N.; Sajjad, U.; Shad, M.R.; Badshah, M.A; Malik, A.I. Recent Developments in Coatings
for Orthopedic Metallic Implants. Coatings 2021, 11, 791. [CrossRef]

3. Ulery, B.D,; Nair, L.S.; Laurencin, C.T. Biomedical Applications of Biodegradable Polymers. J. Polym. Sci. Part B Polym. Phys. 2011,
49, 832-864. [CrossRef] [PubMed]

4.  Silva, M,; Ferreira, EN.; Alves, N.M.; Paiva, M.C. Biodegradable Polymer Nanocomposites for Ligament/Tendon Tissue
Engineering. . Nanobiotechnol. 2020, 18, 23. [CrossRef]

5. Woodruff, M.A.; Hutmacher, D.W. The Return of a Forgotten Polymer—Polycaprolactone in the 21st Century. Prog. Polym. Sci.
2010, 35, 1217-1256. [CrossRef]

6. Jahani, H,; Jalilian, EA.; Wu, C.; Kaviani, S.; Soleimani, M.; Abbasi, N.; Ou, K.; Hosseinkhani, H. Controlled Surface Morphology
and Hydrophilicity of Polycaprolactone toward Selective Differentiation of Mesenchymal Stem Cells to Neural like Cells. ]. Biomed.
Mater. Res. A 2015, 103, 1875-1881. [CrossRef]

7. Dash, TK.; Konkimalla, V.B. Poly-e-Caprolactone Based Formulations for Drug Delivery and Tissue Engineering: A Review.
J. Control. Release 2012, 158, 15-33. [CrossRef]

8. Bartnikowski, M.; Dargaville, T.R.; Ivanovski, S.; Hutmacher, D.W. Degradation Mechanisms of Polycaprolactone in the Context
of Chemistry, Geometry and Environment. Prog. Polym. Sci. 2019, 96, 1-20. [CrossRef]

9. Lu, L.; Zhang, Q.; Wootton, D.M.; Chiou, R.; Li, D.; Lu, B.; Lelkes, P.I; Zhou, ]J. Mechanical Study of Polycaprolactone-
Hydroxyapatite Porous Scaffolds Created by Porogen-Based Solid Freeform Fabrication Method. J. Appl. Biomater. Funct. Mater.
2014, 12, 145-154. [CrossRef]

10. Mondrinos, M.; Dembzynski, R.; Lu, L.; Byrapogu, V.; Wootton, D.; Lelkes, P.; Zhou, J. Porogen-Based Solid Freeform Fabrication
of Polycaprolactone-Calcium Phosphate Scaffolds for Tissue Engineering. Biomaterials 2006, 27, 4399-4408. [CrossRef]

11.  Wei, S;; Ma, J.-X,; Xu, L.; Gu, X.-S.; Ma, X.-L. Biodegradable Materials for Bone Defect Repair. Mil. Med. Res. 2020, 7, 54. [CrossRef]
[PubMed]

12.  Malhotra, R.; Dhawan, B.; Garg, B.; Shankar, V.; Nag, T.C. A Comparison of Bacterial Adhesion and Biofilm Formation on
Commonly Used Orthopaedic Metal Implant Materials: An In Vitro Study. Indian . Orthop. 2019, 53, 148-153. [CrossRef]
[PubMed]

13.  Veerachamy, S.; Yarlagadda, T.; Manivasagam, G.; Yarlagadda, PK. Bacterial Adherence and Biofilm Formation on Medical
Implants: A Review. Proc. Inst. Mech. Eng. 2014, 228, 1083-1099. [CrossRef] [PubMed]

14. Kreve, S.; Reis, A.C.D. Bacterial Adhesion to Biomaterials: What Regulates This Attachment? A Review. Jpn. Dent. Sci. Rev. 2021,
57,85-96. [CrossRef]

15. Anselme, K.; Davidson, P.; Popa, A.M.; Giazzon, M.; Liley, M.; Ploux, L. The Interaction of Cells and Bacteria with Surfaces
Structured at the Nanometre Scale. Acta Biomater. 2010, 6, 3824-3846. [CrossRef]

16. Vorobyev, A.Y.; Guo, C. Direct Femtosecond Laser Surface Nano/Microstructuring and Its Applications: Direct Femtosecond
Laser Surface Nano/Microstructuring and Its Applications. Laser Photonics Rev. 2013, 7, 385-407. [CrossRef]

17.  Kriger, ].; Kautek, W. Ultrashort Pulse Laser Interaction with Dielectrics and Polymers. In Polymers and Light; Lippert, TK., Ed.;
Advances in Polymer Science; Springer: Berlin/Heidelberg, Germany, 2004; Volume 168, pp. 247-290; ISBN 978-3-540-40471-2.

18. Toyserkani, E.; Rasti, N. Ultrashort Pulsed Laser Surface Texturing. In Laser Surface Engineering; Elsevier: Amsterdam,

The Netherlands, 2015; pp. 441-453; ISBN 978-1-78242-074-3.


http://www.ncbi.nlm.nih.gov/pubmed/24133527
http://doi.org/10.3390/coatings11070791
http://doi.org/10.1002/polb.22259
http://www.ncbi.nlm.nih.gov/pubmed/21769165
http://doi.org/10.1186/s12951-019-0556-1
http://doi.org/10.1016/j.progpolymsci.2010.04.002
http://doi.org/10.1002/jbm.a.35328
http://doi.org/10.1016/j.jconrel.2011.09.064
http://doi.org/10.1016/j.progpolymsci.2019.05.004
http://doi.org/10.5301/jabfm.5000163
http://doi.org/10.1016/j.biomaterials.2006.03.049
http://doi.org/10.1186/s40779-020-00280-6
http://www.ncbi.nlm.nih.gov/pubmed/33172503
http://doi.org/10.4103/ortho.IJOrtho_66_18
http://www.ncbi.nlm.nih.gov/pubmed/30905995
http://doi.org/10.1177/0954411914556137
http://www.ncbi.nlm.nih.gov/pubmed/25406229
http://doi.org/10.1016/j.jdsr.2021.05.003
http://doi.org/10.1016/j.actbio.2010.04.001
http://doi.org/10.1002/lpor.201200017

Polymers 2022, 14, 2382 17 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Siddiquie, R.Y.; Gaddam, A.; Agrawal, A.; Dimov, S.S.; Joshi, S.S. Anti-Biofouling Properties of Femtosecond Laser-Induced
Submicron Topographies on Elastomeric Surfaces. Langmuir 2020, 36, 5349-5358. [CrossRef]

Chen, C.; Enrico, A.; Pettersson, T.; Ek, M.; Herland, A.; Niklaus, F.; Stemme, G.; Wagberg, L. Bactericidal Surfaces Prepared by
Femtosecond Laser Patterning and Layer-by-Layer Polyelectrolyte Coating. J. Colloid Interface Sci. 2020, 575, 286-297. [CrossRef]
Jalil, S.A.; Akram, M.; Bhat, J.A.; Hayes, ].J.; Singh, S.C.; ElKabbash, M.; Guo, C. Creating Superhydrophobic and Antibacterial
Surfaces on Gold by Femtosecond Laser Pulses. Appl. Surf. Sci. 2020, 506, 144952. [CrossRef]

Martinez-Calderon, M.; Rodriguez, A.; Dias-Ponte, A.; Morant-Mifiana, M.C.; Gomez-Aranzadi, M.; Olaizola, S.M. Femtosecond
Laser Fabrication of Highly Hydrophobic Stainless Steel Surface with Hierarchical Structures Fabricated by Combining Ordered
Microstructures and LIPSS. Appl. Surf. Sci. 2016, 374, 81-89. [CrossRef]

McHale, G.; Newton, M.L; Shirtcliffe, N.J. Dynamic Wetting and Spreading and the Role of Topography. J. Phys. Condens. Matter
2009, 21, 464122. [CrossRef] [PubMed]

Daskalova, A.; Ostrowska, B.; Zhelyazkova, A.; Swieszkowski, W.; Trifonov, A.; Declercq, H.; Nathala, C.; Szlazak, K.; Lojkowski,
M.; Husinsky, W.; et al. Improving Osteoblasts Cells Proliferation via Femtosecond Laser Surface Modification of 3D-Printed
Poly-¢-Caprolactone Scaffolds for Bone Tissue Engineering Applications. Appl. Phys. A 2018, 124, 413. [CrossRef]

Rozi¢, M.; Segota, N.; Vukoje, M.; Kul¢ar, R.; éegota, S. Description of Thermochromic Offset Prints Morphologies Depending on
Printing Substrate. Appl. Sci. 2020, 10, 8095. [CrossRef]

Daskalova, A.; Filipov, E.; Angelova, L.; Stefanov, R.; Tatchev, D.; Avdeev, G.; Sotelo, L.; Christiansen, S.; Sarau, G.; Leuchs,
G.; et al. Ultra-Short Laser Surface Properties Optimization of Biocompatibility Characteristics of 3D Poly-e-Caprolactone and
Hydroxyapatite Composite Scaffolds. Materials 2021, 14, 7513. [CrossRef] [PubMed]

Wong, P.-C.; Song, S.-M.; Tsai, P-H.; Nien, Y.-Y,; Jang, J.S.-C.; Cheng, C.-K,; Chen, C.-H. Relationship between the Surface
Roughness of Biodegradable Mg-Based Bulk Metallic Glass and the Osteogenetic Ability of MG63 Osteoblast-Like Cells. Materials
2020, 13, 1188. [CrossRef]

Roach, P; Shirtcliffe, N.J.; Newton, M.I. Progess in Superhydrophobic Surface Development. Soft Matter 2008, 4, 224-240.
[CrossRef]

Lins, L.; Bugatti, V.; Livi, S.; Gorrasi, G. Ionic Liquid as Surfactant Agent of Hydrotalcite: Influence on the Final Properties of
Polycaprolactone Matrix. Polymers 2018, 10, 44. [CrossRef]

Song, K.; Lee, J.; Choi, S.-O.; Kim, J. Interaction of Surface Energy Components between Solid and Liquid on Wettability, and Its
Application to Textile Anti-Wetting Finish. Polymers 2019, 11, 498. [CrossRef]

Arakawa, C.K.; DeForest, C.A. Polymer Design and Development. In Biology and Engineering of Stem Cell Niches; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 295-314. ISBN 978-0-12-802734-9.

Rangel, A.; Nguyen, T.N.; Egles, C.; Migonney, V. Different Real-time Degradation Scenarios of Functionalized Poly(E-
caprolactone) for Biomedical Applications. J. Appl. Polym. Sci. 2021, 138, 50479. [CrossRef]

Taylor, R.L.; Verran, J.; Lees, G.C.; Ward, A.J.P. The Influence of Substratum Topography on Bacterial Adhesion to Polymethyl
Methacrylate. . Mater. Sci. Mater. Med. 1998, 9, 17-22. [CrossRef]

Wang, Y.; Subbiahdoss, G.; Swartjes, J.; van der Mei, H.C.; Busscher, H.J.; Libera, M. Length-Scale Mediated Differential Adhesion
of Mammalian Cells and Microbes. Adv. Funct. Mater. 2011, 21, 3916-3923. [CrossRef]

Lutey, A H.A.; Gemini, L.; Romoli, L.; Lazzini, G.; Fuso, F; Faucon, M.; Kling, R. Towards Laser-Textured Antibacterial Surfaces.
Sci. Rep. 2018, 8, 10112. [CrossRef] [PubMed]

Scheuerman, T.R.; Camper, A.K.; Hamilton, M. A. Effects of Substratum Topography on Bacterial Adhesion. J. Colloid Interface Sci.
1998, 208, 23-33. [CrossRef]

Toosi, S.F.; Moradi, S.; Hatzikiriakos, S.G. Fabrication of Micro/Nano Patterns on Polymeric Substrates Using Laser Ablation
Methods to Control Wettability Behaviour: A Critical Review. Rev. Adhes. Adhes. 2017, 5, 55-78. [CrossRef]

Felgueiras, H.P,; Antunes, J.C.; Martins, M.C.L.; Barbosa, M.A. Fundamentals of Protein and Cell Interactions in Biomaterials.
In Peptides and Proteins as Biomaterials for Tissue Regeneration and Repair; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1-27;
ISBN 978-0-08-100803-4.

Yeong, W.Y.; Yu, H.; Lim, K.P; Ng, K.L.G.; Boey, Y.C.E; Subbu, V.S.; Tan, L.P. Multiscale Topological Guidance for Cell Alignment
via Direct Laser Writing on Biodegradable Polymer. Tissue Eng. Part C Methods 2010, 16, 1011-1021. [CrossRef] [PubMed]

Li, H.; Wong, Y.S.; Wen, F; Ng, KW.; Ng, G.K.L.; Venkatraman, S.S.; Boey, EY.C.; Tan, L.P. Human Mesenchymal Stem-Cell
Behaviour On Direct Laser Micropatterned Electrospun Scaffolds with Hierarchical Structures. Macromol. Biosci. 2013, 13, 299-310.
[CrossRef]

Ortiz, R.; Moreno-Flores, S.; Quintana, I.; Vivanco, M.; Sarasua, J.R.; Toca-Herrera, J.L. Ultra-Fast Laser Microprocessing of
Medical Polymers for Cell Engineering Applications. Mater. Sci. Eng. C 2014, 37, 241-250. [CrossRef]

Ji, Y.; Zhang, H.; Ru, J.; Wang, F.; Xu, M.; Zhou, Q.; Stanikzai, H.; Yerlan, I.; Xu, Z.; Niu, Y,; et al. Creating Micro-Submicro
Structure and Grafting Hydroxyl Group on PEEK by Femtosecond Laser and Hydroxylation to Synergistically Activate Cellular
Response. Mater. Des. 2021, 199, 109413. [CrossRef]

Andrukhov, O.; Huber, R.; Shi, B.; Berner, S.; Rausch-Fan, X.; Moritz, A.; Spencer, N.D.; Schedle, A. Proliferation, Behavior, and
Differentiation of Osteoblasts on Surfaces of Different Microroughness. Dent. Mater. 2016, 32, 1374-1384. [CrossRef]


http://doi.org/10.1021/acs.langmuir.0c00753
http://doi.org/10.1016/j.jcis.2020.04.107
http://doi.org/10.1016/j.apsusc.2019.144952
http://doi.org/10.1016/j.apsusc.2015.09.261
http://doi.org/10.1088/0953-8984/21/46/464122
http://www.ncbi.nlm.nih.gov/pubmed/21715886
http://doi.org/10.1007/s00339-018-1831-y
http://doi.org/10.3390/app10228095
http://doi.org/10.3390/ma14247513
http://www.ncbi.nlm.nih.gov/pubmed/34947106
http://doi.org/10.3390/ma13051188
http://doi.org/10.1039/B712575P
http://doi.org/10.3390/polym10010044
http://doi.org/10.3390/polym11030498
http://doi.org/10.1002/app.50479
http://doi.org/10.1023/A:1008874326324
http://doi.org/10.1002/adfm.201100659
http://doi.org/10.1038/s41598-018-28454-2
http://www.ncbi.nlm.nih.gov/pubmed/29973628
http://doi.org/10.1006/jcis.1998.5717
http://doi.org/10.7569/RAA.2017.097302
http://doi.org/10.1089/ten.tec.2009.0604
http://www.ncbi.nlm.nih.gov/pubmed/20050808
http://doi.org/10.1002/mabi.201200318
http://doi.org/10.1016/j.msec.2013.12.039
http://doi.org/10.1016/j.matdes.2020.109413
http://doi.org/10.1016/j.dental.2016.08.217

Polymers 2022, 14, 2382 18 of 18

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Faia-Torres, A.B.; Charnley, M.; Goren, T.; Guimond-Lischer, S.; Rottmar, M.; Maniura-Weber, K.; Spencer, N.D.; Reis, R.L.; Textor,
M.; Neves, N.M. Osteogenic Differentiation of Human Mesenchymal Stem Cells in the Absence of Osteogenic Supplements: A
Surface-Roughness Gradient Study. Acta Biomater. 2015, 28, 64-75. [CrossRef]

Lee, B.L.-P; Jeon, H.; Wang, A ; Yan, Z.; Yu, J.; Grigoropoulos, C.; Li, S. Femtosecond Laser Ablation Enhances Cell Infiltration
into Three-Dimensional Electrospun Scaffolds. Acta Biomater. 2012, 8, 2648-2658. [CrossRef] [PubMed]

Li, H.; Wen, E; Wong, Y.S.; Boey, EY.C.; Subbu, V.S.; Leong, D.T.; Ng, KW.; Ng, G.K.L.; Tan, L.P. Direct Laser Machining-Induced
Topographic Pattern Promotes up-Regulation of Myogenic Markers in Human Mesenchymal Stem Cells. Acta Biomater. 2012, 8,
531-539. [CrossRef] [PubMed]

Daskalova, A.; Nathala, C.S.R.; Bliznakova, I.; Stoyanova, E.; Zhelyazkova, A.; Ganz, T.; Lueftenegger, S.; Husinsky, W. Controlling
the Porosity of Collagen, Gelatin and Elastin Biomaterials by Ultrashort Laser Pulses. Appl. Surf. Sci. 2014, 292, 367-377. [CrossRef]
Lim, Y.C.; Johnson, J.; Fei, Z.; Wu, Y.; Farson, D.F,; Lannutti, ].J.; Choi, HW.; Lee, L.J. Micropatterning and Characterization of
Electrospun Poly(e-Caprolactone)/Gelatin Nanofiber Tissue Scaffolds by Femtosecond Laser Ablation for Tissue Engineering
Applications. Biotechnol. Bioeng. 2011, 108, 116-126. [CrossRef] [PubMed]

Lee, C.H.; Lim, Y.C.; Farson, D.F,; Powell, H.M.; Lannutti, J.J]. Vascular Wall Engineering Via Femtosecond Laser Ablation:
Scaffolds with Self-Containing Smooth Muscle Cell Populations. Ann. Biomed. Eng. 2011, 39, 3031-3041. [CrossRef] [PubMed]
Li, W,; Thian, E.S.; Wang, M.; Wang, Z.; Ren, L. Surface Design for Antibacterial Materials: From Fundamentals to Advanced
Strategies. Adv. Sci. 2021, 8, 2100368. [CrossRef]

Wu, S.; Zhang, B,; Liu, Y.; Suo, X; Li, H. Influence of Surface Topography on Bacterial Adhesion: A Review. Biointerphases 2018,
13, 060801. [CrossRef]

Wu, X,; Ao, H,; He, Z,; Wang, Q.; Peng, Z. Surface Modification of Titanium by Femtosecond Laser in Reducing Bacterial
Colonization. Coatings 2022, 12, 414. [CrossRef]

Shaikh, S.; Kedia, S.; Singh, D.; Subramanian, M.; Sinha, S. Surface Texturing of Ti6Al4V Alloy Using Femtosecond Laser for
Superior Antibacterial Performance. . Laser Appl. 2019, 31, 022011. [CrossRef]

Schwibbert, K.; Menzel, E; Epperlein, N.; Bonse, J.; Kriiger, J. Bacterial Adhesion on Femtosecond Laser-Modified Polyethylene.
Materials 2019, 12, 3107. [CrossRef]

Valle, ].; Burgui, S.; Langheinrich, D.; Gil, C.; Solano, C.; Toledo-Arana, A.; Helbig, R.; Lasagni, A.; Lasa, I. Evaluation of Surface
Microtopography Engineered by Direct Laser Interference for Bacterial Anti-Biofouling. Macromol. Biosci. 2015, 15, 1060-1069.
[CrossRef] [PubMed]

Yang, M.; Ding, Y.; Ge, X.; Leng, Y. Control of Bacterial Adhesion and Growth on Honeycomb-like Patterned Surfaces. Colloids
Surf. B Biointerfaces 2015, 135, 549-555. [CrossRef] [PubMed]

Ge, X.; Leng, Y,; Lu, X,; Ren, E; Wang, K.; Ding, Y.; Yang, M. Bacterial Responses to Periodic Micropillar Array: Bacterial Responses
to Periodic Micropillar Array. J. Biomed. Mater. Res. A 2015, 103, 384-396. [CrossRef] [PubMed]

Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant Infections: Adhesion, Biofilm Formation and Immune Evasion. Nat. Rev.
Microbiol. 2018, 16, 397-409. [CrossRef] [PubMed]

Pacha-Olivenza, M.A ; Tejero, R.; Fernandez-Calderén, M.C.; Anitua, E.; Troya, M.; Gonzalez-Martin, M.L. Relevance of
Topographic Parameters on the Adhesion and Proliferation of Human Gingival Fibroblasts and Oral Bacterial Strains. BioMed Res.
Int. 2019, 2019, 8456342. [CrossRef] [PubMed]


http://doi.org/10.1016/j.actbio.2015.09.028
http://doi.org/10.1016/j.actbio.2012.04.023
http://www.ncbi.nlm.nih.gov/pubmed/22522128
http://doi.org/10.1016/j.actbio.2011.09.029
http://www.ncbi.nlm.nih.gov/pubmed/21985869
http://doi.org/10.1016/j.apsusc.2013.11.145
http://doi.org/10.1002/bit.22914
http://www.ncbi.nlm.nih.gov/pubmed/20812254
http://doi.org/10.1007/s10439-011-0417-z
http://www.ncbi.nlm.nih.gov/pubmed/21971965
http://doi.org/10.1002/advs.202100368
http://doi.org/10.1116/1.5054057
http://doi.org/10.3390/coatings12030414
http://doi.org/10.2351/1.5081106
http://doi.org/10.3390/ma12193107
http://doi.org/10.1002/mabi.201500107
http://www.ncbi.nlm.nih.gov/pubmed/25914260
http://doi.org/10.1016/j.colsurfb.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26302067
http://doi.org/10.1002/jbm.a.35182
http://www.ncbi.nlm.nih.gov/pubmed/24719359
http://doi.org/10.1038/s41579-018-0019-y
http://www.ncbi.nlm.nih.gov/pubmed/29720707
http://doi.org/10.1155/2019/8456342
http://www.ncbi.nlm.nih.gov/pubmed/30956987

	Introduction 
	Materials and Methods 
	Fabrication of Polymeric Scaffolds 
	Surface Modification by Femtosecond-Laser Machining 
	Characterization of fs-Laser-Processed Scaffolds 
	Assessment of fs Laser Derived Topography Features and Their Effects on the Morphology and Cell Growth Pattern of S. aureus and MG-63 Osteoblastic Cell Lines via Microscopic Techniques 
	Analysis of Wettability and Surface Energy Changes in Relation to fs-Laser Processing 

	Degradation Test in Phosphate Buffer Saline 
	In Vitro Cytocompatibility Assessment 
	Resazurin Assay 
	Alkaline Phosphatase (ALP) Activity 

	Antimicrobial Activity 
	Statistical Analysis 

	Results 
	Inducing Morphological Changes in the Surface Profile of the 3D-Printed PCL Scaffolds by fs-Laser Micromachining 
	Hydrophobic Behaviour of fs-Laser-Treated PCL Scaffolds 
	Change in pH of PBS in Accordance with PCL Degradation 
	Cytocompatibility 
	Antibacterial Assay 

	Discussion 
	Conclusions 
	References

