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ABSTRACT

In this research we developed a micro-sized hierarchical structures on a
poly(L-lactide) (PLLA) surface. The obtained structures consist of round-shaped
protrusions with a diameter of ~20 pum, a height of ~3 pm, and the distance
between them ~ 30 pm. We explored the effect of structuring PLLA to design a
non-cytotoxic material with increased roughness to encourage cells to settle on the
surface. The PLLA foils were prepared using the casting melt extrusion technique
and were modified using ultra-short pulse irradiation — a femtosecond laser
operating at 2=1030 nm. A hierarchical microstructure was obtained resembling
‘cookies on a tray'. The cellular response of fibro- and osteoblasts cell lines was
investigated. The conducted research has shown that the laser-modified surface is
more conducive to cell adhesion and growth (compared to unmodified surface) to
such an extent that allows the formation of highly-selectively patterns consisting of
living cells. In contrast to eukaryotic cells, the pathogenic bacteria Staphylococcus
aureus covered modified and unmodified structures in an even, non-preferential
manner. In turn, adhesion pattern of eukaryotic fungus Saccharomyces boulardii
resembled that of fibro- and osteoblast cells rather than that of Staphylococcus.
The discovered effect can be used for fabrication of personalized and smart

implants in regenerative medicine.
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1. INTRODUCTION

Tissue engineering combines material sciences and cell biology to repair or
replace damaged tissues with a synthetic scaffold [1-3]. The role of the scaffold is to
provide mechanical support and physicochemical environment for cells proliferating on
the scaffold surface [1,4]. For this reason, researchers try to design scaffold properties
that would imitate natural environment of cells [4—6].

Synthetic polymers such as poly(L-lactide), poly(e-caprolactone) or poly(L-
lactide-co-glycolide) are nowadays widely investigated as potential materials for
bioresorbable scaffolds. These polymers have some disadvantages such as high
hydrophobicity and smoothness of the surface, which limit their applicability in
regenerative medicine [7]. For this reason, many modifications of the bioresorbable
polymers surfaces have been developed [8,9]. The most frequently used techniques
include bulk modification (copolymers, polymer blends or composite systems) [10-13],
chemical grafting [14,15], surface coating (with bioactive compounds or minerals) [16—
18], plasma modification [19-21] and, increasingly often, laser techniques [16,22-26].

In research on the cell-scaffold interactions, there are three main tissue
engineering areas of interest, namely: 1) scaffold structure for tissue growth, 2) source
of cells to facilitate the required tissue formation and 3) biophysical stimuli to direct the
growth and differentiation of cells within the scaffolds [27]. Biophysical factors
(topographical and mechanical properties of cell-adhesive materials) have been shown
to regulate a variety of cellular functions such as migration, adhesion and proliferation
[28-30]. For example, it was found that scaffold stiffness affects cell viability [31,32].
Stiffness of the biomaterial substrate is also one of the parameters that influence cell
motility [33,34]. There are articles showing the possibilities of reprogramming cells in
response to physical and topographical cues from the environment [35,36]. In turn,
many other studies show that by appropriately designing the biophysical cues of
biomaterials, it is possible to influence the differentiation of various types of stem cells
towards specific cell lines, which play a significant role in a given biological process
[37-39].



Recently, there has been an increased interest in laser techniques as a tool for
modifying the surface of biomaterials based on biodegradable aliphatic polyesters.
Thanks to the ability of controling numerous process parameters (radiation wavelength,
average optical power or pulse energy, pulse duration, repetition frequency, scanning
speed and the type of process gases), laser techniques allow one to precisely control the
physicochemical phenomena occurring on the polymer surface. The use of laser
radiation to modify the polymer surface creates the possibility of changing the surface
chemistry (creating new polar functional groups) [16,40], surface topography (creating
irregular or regular structures) [22,41-43], hydrophilicity [16,44] and degree of
crystallinity of the substrate [45,46]. Because of their promising perspectives, lasers
began to be used for precise surface modifications inducing a well-defined cellular
response. The research by Izumi Takayama, in which he showed that structures
consisting of laser-made craters significantly affect adhesion, proliferation and
differentiation of cells from the myoblast lineage [47], can serve as an example. In
another study, R. Ortiz showed that without biochemical factors influencing the surface
topography, it is possible to force the differentiation of MSCs towards osteoblasts and
control their orientation and development direction on the surface [25].

This paper presents a new type of a highly ordered structure with great potential
for biomedical applications. For its production, a laser with an ultra-short pulse duration
operating in the DLW (Direct Laser Writing) mode was used. The described structure
consists of round-shaped protrusions evenly distributed on the surface, resembling
shortbread cookies, which inspired the name of 'cookie structure'’. Its high application
potential has been confirmed by the research conducted on the fibroblast and osteoblast
cell lines. The first of these lines is the principal active component of all kinds of
connective tissues, while the another is primarily responsible for bone formation and
recovery of bone fraction; therefore, both of them are crucial with regard to the potential
applicability of ‘cookie structures’ in modern bone implants. Moreover, since the
process of implantation is irreversibly related to the race to occupy the surface, a fight
fought between patient's eukaryotic cells and the contaminating microorganisms
(bacteria, fungi), the ability of S.aureus (pathogenic bacteria) to colonize the
manufactured structures was also assessed. Following this path, we also scrutinized the
ability of biotechnologically useful fungus referred to as Saccharomyces boulardii to

colonize the modified and unmodified surfaces.



2. EXPERIMENTAL SECTION

2.1. Materials and preparation of samples

In this research, we used poly (L-lactide) Resomer L210s (PLLA) supplied by
Evonik, Germany. The investigations were carried out on PLLA in the form of foil
approximately 200 um thick. The foils were extruded using a Labtech Engineering LES-
30/C (Sweden/Thailand) conical single screw extruder, equipped with a flat die
combined with a micro cast film line LUMCR-75 at 200°C, 200 rpm. The
foilwithdrawal speed was set at 0.5 m/min., based on the results of previous tests [45].
Before the extrusion process, the material in the form of granules was dried in a vacuum
dryer at 60°C for 15 hours.

2.2. Laser modification

In the investigation we used a laser micromachining system of our own design,
based on an ultrashort pulsed fibre laser, the TruMicro series 2020 from TRUMPF
GmbH. The laser source was operated at a fundamental wavelength of 1030 nm with a
maximum output power of 20 W and a beam quality factor of M ? < 1.15. The pulse
repetition rate (PRR) was fixed at 10 kHz. In the experiment we used constant pulse
duration of 260 fs selected in preliminary tests from the available range from 260 fs to
20 ps. The system was equipped with a galvanometric optical scanning system,
IntelliSCANse14 from SCANLAB GmbH, that allows the beam to be deflected within
the sample area. Next, the laser beam was focused on the target through a 163 mm focal
length F-Theta lens type S4LFT1163 from Sill Optics GmbH. The beam diameter at the
focal point was approximately 2wo =45 um. Taking into account the equivalent Top
Hat radius for a cylindrical Gaussian beam d = v2w,, the fluence was defined as F =
2E, /mw§ for a single point. The pulse energy was measured at the end of the optical
path — above the sample surface. A summary of process parameters for the modified
surface is given in Table 1. After surface structuring, the samples were cut out from the
polymer sheet using the following parameters: pulse energy 82 pJ (F = 10.3 J/cm?),
cutting speed 100 mm/s, pulse repetition rate 50 kHz and 15 repetitions of the process.
A block diagram of the system is shown in Fig. 1.



Tab. 1. Laser modification parameters
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Fig. 1. Sample preparation: a) block diagram of
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2.3. Optical profilometry

In order to accurately analyze the surface topography of the tested samples, a
confocal Olympus Lext 5000 microscope, equipped with a diode laser generating

radiation with a wavelength of 405 nm was used. A 100x lens was used for observation.

2.4. Scanning Electron Microscopy (SEM)

The surface morphology of modified foils was observed using SEM. For this
purpose, a Zeiss Sigma 500 VP Scanning Electron Microscope in the BSE
(Backscattered-Electron Imaging) detector mode was used. The microscope operated at
20 kV, with the magnification range from 100x to 2000x, in a vacuum below 10> mbar.
Samples were covered with Au (sputter current: 40 mA, sputter time: 50 s) using a
QUORUM machine and dried at the critical point in a Leica EM CPD300 dryer before
the measurements.

In order to visualize the cross-section of the sample, a brittle fracture of the

modified foil was made after freezing with liquid nitrogen.



The SEM analysis was performed to visualize cell colonies (osteoblasts and
fibroblasts) on the modified surfaces. The microscopy procedure was carried out as
follows: First, the samples with osteoblasts and fibroblasts were fixed for 15 min at
room temperature using a 3% glutarate (POCH, Gliwice, Poland). Next, the samples
were rinsed twice with a phosphate buffer (Sigma-Aldrich) to eliminate the fixative.
After that, they were dehydrated in increasing concentrations of ethanol (25, 60, 95,
100%) for 5 min in each solution. Finally, from that point onward, the samples were
prepared as per the procedure for the surface without biological material (described

above).

2.5. Water contact angle measurement

The water surface tension measurements were conducted with a PG-X contact
angle goniometer (Testing Machines, Inc.). At least 10 measurements for each sample
were performed and the mean value as well as the standard deviation were calculated

for these results.

2.6. Spectroscopic chemical analysis (ATR/FTIR)

For infrared spectroscopy analysis a FTIR Nicolet TM 8700 spectrometer with the
Smart Orbit Diamond ATR accessory (Thermo Fisher Scientific Inc.) was used. The
measurement was made in the range of 600—4000 cm™' wavenumbers with a 0.48 cm™!

step.

2.7. Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) analysis was performed in CHCIs at 35°C
with an eluent flow rate of 1 mL/min. For the process, a VISCOTEK VE1122 pump
was used in a set with two high-performance PLgel 5 pm Mixed-C columns. The
system was equipped with an RI detector (Shodex SE 61) allowing the determination of
the polymer polydispersity index (PDI) and the determination of number (Mn) and
weight (Mw) average molecular weights based on a conventional calibration curve
made for narrow polystyrene standards. The obtained solutions with a concentration of

less than 0.3% were filtered through a filter with a pore diameter of 0.46 micrometers.

2.8. Evaluation of samples’ cytotoxicity toward fibroblast and osteoblast cell lines
Neutral Red (NR) cytotoxicity assay was performed toward osteoblast (U2-OS,
ATCC, Manassas, VA, USA) and fibroblast (L929 ATCC, Manassas, VA, USA ) cell



cultures treated with an extract obtained from the reference and the modified samples —
conditioned medium. The extracts were prepared according to ISO 10993: Biological
evaluation of medical devices; Part 5: Tests for in vitro cytotoxicity; Part 12: Biological
evaluation of medical devices, sample preparation and reference materials (1ISO 10993-
5:2009 and ISO/IEC 17025:2005). After 24 hours of incubation of cells, the
conditioned medium was removed and 100 pL of the NR solution (40 png/mL; Sigma-
Aldrich, Germany) was introduced into the wells of the plate. Cells were incubated with
NR for 2 h at 37°C. After incubation, the dye was removed, wells were rinsed with
phosphate buffer saline (PBS, Sigma Aldrich, Germany) and left to dry at room
temperature. Subsequently, 150 uL of a de-stain solution (50% ethanol 96%, 49%
deionized water, 1% glacial acetic acid; POCH, Poland) was introduced to each well.
The plate was vigorously shaken in a microtiter-plate shaker (MTS4, IKA-
Labortechnik, Germany) for 30 min until NR was extracted from the cells and formed a
homogenous solution. Next, the value of NR absorbance was measured
spectrometrically using a microplate reader (Multi-scan GO, Thermo Fisher Scientific,
Waltham, MA, USA) at 540 nm. The absorbance value of cells not treated with extracts
was considered 100% of the potential cellular growth (positive control). All the analyses
were performed in 6 repeats.

2.9. Evaluation of fibro- and osteoblasts’ colonization on analyzed samples

1,5 ml of the cell suspension with a density of 1,5 x 10%mL was seeded to the
well in a 24-well plate (VWR, Randor, Pa, USA) with an insert at the bottom. Plates
were incubated for 24 h, 48 h and 72 h at 37°C and 5% CO2 (C150UL-CQO2 incubator,
Binder, Tuttlingen Germany). The medium was exchanged every day. Next, the Neutral
Red uptake technique was performed using the protocol described in subsection 2.7. All

the analyses were performed in 6 repeats.

2.10. Assessment of the differences between density of fibroblast cells colonizing
the unmodified or modified surface of the laser-modified sample

The fibroblasts of 1,5 ml of cell suspension with a density of 1.5 x 10°/mL were
seeded to the well in a 24-well plate (VWR, Randor, Pa, USA) with the sample at the
bottom. Plates were incubated for 24 h, 48 h and 72 h at 37°C and 5% CO2 (C150UL-
CO2 incubator, Binder, Tuttlingen Germany). The medium was exchanged every day.

Next, the medium was removed and replaced with 2mL of PBS buffer containing 3uL



of SYTO 9 green fluorescent nucleic acid stain (Thermo Fisher Scientific, Waltham,
MA, USA) dyeing cells green. The setting was incubated for 15 min at room
temperature and protected from light. Next, the buffer was removed and the inserts were
gently rinsed 3 times using the PBS buffer without dye. After rinsing, the modified
samples were turned upside down and placed in a fresh 24-well plate in such a manner
that the cell-containing surface adhered to the well surface. Pictures of the dyed cells
were then taken using a Lumascope 620 (Etaluma, Carlsband, CA, USA) with a 20x
magnification. The captured fields of vision contained both unmodified and modified
surfaces. Next, the pictures were processed using ImageJ (National Institutes of Health,
Bethesda, MD, USA). The pictures’ forming channels were split and the green channels
were subjected to further analyses. The two Regions of Interests (ROI) of exactly the
same size were established in each picture in such a manner that one ROI covered the
unmodified, while the other covered the modified part of sample’s surface. Lastly, the
mean grey value (MGV) of each ROl was measured. The values of MGV correlate
positively with the intensity of green. In turn, the intensity of green correlates positively
with the number of eukaryotic cells within the field of vision. Six random fields of

vision (and 12 ROIs) from three samples were taken for this analysis.

2.11. Potential application of the modified sample’s modification to control the
adhesion of cells as exemplified by fibroblasts

This analysis was performed analogically to the colonization assay described in
subsection 2.8. The procedure of fibroblasts’ dyeing using the SYTO-9 green
fluorescent nucleic acid stain was performed analogically to the method described in
subsection 2.9. The visualization of dyed cells was performed using a Lumascope 620
(Etaluma, Carlsband, CA, USA) with a four-fold magnification. For the samples with
letters H,A,N,N,A, this analysis was performed three times, each time with a different
incubation (24h, 48h and 72h). The procedure for the 'lightening' sign was analogous.
The field of vision obtained after the four-fold magnification allowed us to cover one
letter at a time. Thus, the entire word 'HANNA' made of fibroblasts (Fig. 9), actually
consists of 5 separate pictures, while the 'lightening' sign is actually composed of 6

separate pictures.



2.12. Ability of the nosocomial Staphylococcus aureus and the biotechnologically-
important Saccharomyces boulardii to colonize the analyzed samples

The strains applied in this analysis were S.aureus ATCC 6538 (Manassas, VA,
USA) and the probiotic S. boulardii strain SB77 from the collection of the
Pharmaceutical Microbiology and Parasitology Department at Wroclaw Medical
University. The loop of the staphylococcal or yeast culture grown on the Columbia or
Sabouraud agar plate, respectively (BioMaxima, Poland) was transferred to liquid
Tryptone Soya Broth (TSB, BTL, Poland) and incubated at 37°C for 24h. Next, the
culture’s optical density of 1 McFarland was established using a densitometer (Densi-
La-Meter Il, Erba, Czech Republic) (Biomerieux, Poland). After that, the suspension
was diluted in the Miller-Hinton Broth (M-H, BioMaxima, Poland) to reach the density
of 1 x 10° cells/mL. Next, 1mL of the microbial suspension was introduced to the well
of a 24-well plate containing modified samples and was incubated for another 24h.
After incubation, the samples were transferred to 1ml of a 0.1% saponine and were
subjected to vigorous vortex-mixing using a Multi-Vortex V-32 (Biosan, Poland). After
mixing, the obtained cell-containing suspension was serially diluted and cultured on
appropriate agar plates (Columbia Agar for Staphylococcus, Sabouraud Agar for
Saccharomyces) and incubated at 37°C for 24 h. After incubation, the number of

colony forming units was calculated. All the analysis were performed in triplicates.

3. RESULTS AND DISCUSSION

3.1. Surface characterization

The scanning electron microscopy technique allowed for the initial visualization
of the structure produced on the PLLA surface. The obtained results are shown in figure
2. First, the focus was on the surface of the base material — the unmodified PLLA film
(A). The material forming technique used (extrusion combined with casting) allows one
to obtain a film with a smooth surface, and a small number of defects. Consequently,
the modification could be carried out homogeneously by uniformly focusing the laser

beam over the entire surface.



Figure 2. Pictures showing the ‘cookie structure’ obtained on the surface of a polylactide film:

A) unmodified PLLA surface; B), C) top view; D), E) at an angle of about 45°; F) Cross section of a

single ‘cookie’.

Figure 2B shows a modified PLLA surface. The surface was irradiated with single
pulses of a femtosecond fiber laser according to the procedure described in subsection
2.2. The modified areas (circular forms in top view) distinctly stand out against the
background of the sample and display a clear long-range order. The distances between
them result directly from the sample's exposure parameters in both X and Y axes
(scanning speed combined with PRR and line spacing). Image C shows a clear
difference in the morphology of the modified regions compared to the unmodified ones.
For a more detailed analysis of the shape and vertical orientation of the modified areas,
SEM pictures were taken at an angle of 45° to the sample’s surface. The obtained
images are shown in Figure 2 (D, E). As can be seen, the modified areas are in the shape
of rough protrusions, similar in structure to 'shortbread cookies'. Despite their highly
orderly pattern and the constant parameters of laser pulses, individual ‘cookies' vary
slightly in shape and roughness, remaining round-shaped in the top view. In order to
better understand the formation mechanism of these protrusions in the laser-modified
material, it was decided to investigate the polymer structure below such ‘cookies'. For
this purpose, brittle cross sections of several modified samples were made (frozen with
liquid nitrogen) and a crack coinciding with a single ‘cookie’ was searched for. Then it
was visualized (figure 2F). The figure shows a clear loss of material to a depth of about
15 micrometers below the base line of the sample, manifested by the formation of a
porous structure.

10



Swelling of material due to single pulses of a femtosecond sapphire laser
operating at a wavelength of 800 nm has been observed earlier by Guangchao Ye.
However, in this case the bulge of the polymer was shapeless and reached a diameter
several times larger than that obtained in our experiment [48]. A similar effect —
formation of regularly shaped protrusions — was obtained by B. Stepak during
irradiation of the PLLA surface with a femtosecond fiber laser at a wavelength of 515
nm [46]; however, the phenomenon was not investigated any further.

According to literature reports, laser swelling of polymer is the initial stage of
ablation of the material for the case where pulse energy is still too low to cause a
noticeable loss of the surface layer of the material [46,48,49]. Ultra-short, high-energy
laser pulses generate stresses in the top layer of the material, causing swelling on the
surface, while simultaneously initiating the expansion of voids in the subsurface area.
Additionally, if the thermal effect associated with radiation is large enough, the material
melts locally and degrades partially with the release of volatile chemicals. Their
accumulation under the surface of the material combined with the hot air bound in the
polymer structure (higher temperature — increased air volume) contributes to an increase
in pressure and ejection of the molten polymer to the surface as a result of a local
‘eruption’. Under the influence of ambient temperature, the material cools down,
creating a protrusion on the surface. As a consequence of this process, the material
beneath the base surface of the protrusion becomes porous.

Farhana Baset et al. simulated a similar process by using Molecular Dynamics
approach on the example of PMMA [49].

Figure 3 summarizes surface profiles, linear profiles and water contact angles of
the modified and unmodified PLLA films. As shown, surface topography studies with
the use of an optical profilometer are complementary to the results of SEM analysis.
Referring to Figure 3A, a high smoothness of the unmodified surface can be seen. The
average roughness (Ra) determined from the surface profile is only 49 nm. The contact
angle (set for distilled water) is characteristic of PLLA, which exhibits its hydrophobic
properties and is approx. 78.8°. The situation is different with the modified PLLA film
(Figure 3B). On the surface, regularly distributed protrusions, created under the
influence of laser, are visible. The average roughness parameter Ra determined for the
modified surface is 289 nm, which is almost one order of magnitude different from that
of the reference surface. However, it is not a quantity that accurately illustrates the

surface condition, because the higher value of roughness occurs only locally. Therefore,
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the value of the average roughness within the protrusions was determined, which is
approx. 560 nm. In contrast, the roughness for the areas around the ‘cookies' is
practically identical to that of the reference sample. The dimensions of individual
protrusions are shown in the linear profile. As can be seen, they have a diameter of
about 20 pum at the base, while their highest points protrude above the surface by 3 um.
The irregularities formed on the surface also affect its wettability in the macroscale. A

slight decrease in the contact angle (by about 6.6°) is observed.
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Figure 3. Characteristics of surface topography, taking into account the surface profile (Ra - roughness
average value), linear profile and water contact angle for A) reference surface, B) ‘cookie’ structure. The

red lines on the 3D profiles show where the linear profiles were recorded.

3.2. Chemical changes, polymer degradation

In order to determine the effect of laser radiation on the chemical structure of
PLLA, FTIR/ATR spectroscopy measurements were performed. The obtained results
are shown in Fig. 4. The curve for the reference sample is marked in black, while for the

12



modified sample — in red. The course of the reference curve is consistent with the
literature data for pure PLLA [50,51]. When analyzing the graph, only subtle changes
are visible for the PLLA sample after laser modification. In the first place, a decrease in
the intensity of the basic absorption bands can be noticed, which is a phenomenon
usually associated with laser modification. The lowering of the intensity occurs mainly
for the bands associated with the vibrations in the ester group (v(C=0)~1747 cm™,
Vas(COC)~1180 cm, vs(COC)~1081 cm™), indicating the partial breakdown of these
groups due to polymer degradation [50]. In addition, the appearance of new small bands
is observed, which indicate the changes in the chemical structure of the PLLA. The first
of these bands appears in the spectral range 1600-1700 cm™ and is responsible for
valence vibrations v(C = C). The second one (with a maximum at ~811 cm™) is
responsible for the deforming vibrations of the 6CH and 6CH2 in other degradation
products — ketones (RCOCH=CH2) or vinyl ethers (ROCH=CH2)[50]. However, it
should be emphasized that the observed changes are small, indicating a slight
interference in the chemical structure of the polymer. Moreover, the performed
spectroscopic analysis does not show the occurence of any other functional groups on

the surface.
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Figure 4. FTIR/ATR spectra of laser-modified and unmodified areas
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To quantify PLLA degradation during laser modification, GPC measurements
were performed. Figure 5 shows the molecular weight distribution curves for both
samples. Only a slight decrease in molecular weight can be noted for the structured
sample. The number average molecular weight parameter decreased by less than 5%.
The same applies to the polydispersity index. This shows that the modification carried
out to a limited extent degrades the material, without causing significant chemical

changes in its volume. This is in line with the results of the FTIR spectroscopic analysis.
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Figure 5. Molecular weight distribution curves for unmodified (reference) and modified (‘cookies
structure’) samples. M, - number average molecular weight, PDI - polydispersity index.

The use of laser radiation for polymer modification is inextricably connected with
the degradation of polymer chains. Therefore, laser processes are often associated with
the formation of large amounts of low molecular weight compounds that may have a
toxic effect on cells [52]. The advantage of the proposed surface modification method is
the maximum reduction of polymer degradation for the following reasons: 1) the
surface is irradiated with single pulses — most of the surface remains intact, 2) the
energy of a single laser pulse is only slightly above the polymer ablation threshold,

causing only slight changes in a small volume of the material.
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3.3. Biological response
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Figure 7. Colonization of analyzed samples within 24-72h period. A) fibroblast; B) osteoblast cell line.

The results of a normative test of cytotoxicity of analyzed biomaterials are
presented in Figure 6. The calculated average percentage of fibroblast viability exposed
to medium incubated with the reference and structured samples, was 103 and 96%,
respectively. The analogous parameters measured for osteoblasts were: 90 and 97 %.
The standard deviation of means did not exceed 10%. We have observed no significant
changes in the fibroblast and osteoblast morphology. The cytotoxicity of analyzed
samples did not exceed 30% in cell viability (Figure 6), and the changes in morphology
were at grade 0/1 with regard to normative description. Thus, all analyzed samples are
non-cytotoxic for both fibro- and osteoblast cell lines.

In the next line of investigation, we have performed an analysis of the pace of

fibro- and osteoblast colonization on the analyzed surfaces (Figure 7). The differences
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in this parameter, measured by the number of cells adhered to the samples within
specific time points (24h-48h-72h) exhibited surface- and cell line-dependent interplays.
The general trend was that fibro- and osteoblasts increased their number in subsequent
days of culturing, independently of type of surface they adhered to. One interesting
pattern was observed with regard to the cell growth. A high growth of cells between 24
and 48h of incubation and, subsequently, a slow growth between 48 and 72h could be
observed (this pattern is exemplified by osteoblasts developed on the modified surface).
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Figure 8. Morphology of cells colonized on analyzed samples within 24-72h. A) fibroblast; B) osteoblast
cell line. Presented images show elongated, firmly adhered cell lines of proper morphology. Please note
the cellular protrusions (part A, lower panel) hooked into the cookie structures.
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Since bioresorbable polylactides are considered to be one of the most important
materials for tissue engineering applications, there is a vast evidence showing their low
cytotoxicity, and the possibility of eukaryotic cells to spread and multiply on them [53—
55]. Results presented in Figure 6, Figure 7 and Figure 8 are not only in line with these
reports (showing no cytotoxicity of PLLA towards fibro- and osteo-blasts), but also
indicate that the performed laser modification did not negatively alter these

aforementioned favorable properties of the PLLA surfaces.

1004 24H _ : 48 H ; : 72H

80 A

Figure 9. Differences between the density of fibroblast cells colonizing unmodified or modified surface
within the same modified sample within 24-72h of incubation. MGV- mean grey value; 1) fibroblast
colonizing sample, visualized with green dye; 2) picture sample containing modified (dot-covered) and
unmodified (black) areas; 3) picture 1 is split to obtain grey pixels reflecting intensity of green color; 4)
regions of interests (ROI) of exactly the same size covering modified (orange ROI) and unmodified
(green ROI) areas.

Moreover, we have observed that the modified surfaces were colonized by a
statistically higher number of cells (Figure 9) than the unmodified ones (K-W test,
p<0.05). Following this observation we have performed an analysis utilizing
fluorescence microscopy (Figure 10) to study this phenomenon. It turns out that
fibroblast cells strongly adhered to the modified sample surface during the first 24h of

incubation (Figure 10 - 24h) and started to spread over unmodified surfaces during the
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next 24 hours (Figure 10 - 48h). After 72 hours of incubation the cells were spread
evenly throughout the entire surface of the sample (Figure 10 - 72h); however, the
density of cells was still higher within the modified areas. Thus, we hypothesized that
the sample modification might be applied for directed colonization of eukaryotic cells
and to test this hypothesis we performed various experiments with spatial patterns (such
as the lightening sign shown in Figure 10C) and settled them with cells.

Figure 10. Potential application of presented laser modification method to control cell adhesion. The
word 'Hanna' made of fibroblasts after A) 24h; B) 48h hours of incubation; C) the lightening sign made of
fibroblasts after 48h of incubation. Pictures signed 24,48,72h show preferential settlement of fibroblasts
within the area of modified surface [24h] and gradual development of cells into unmodified areas after 48
and 72h. Pictures A and B are composed of 5 individual pictures; picture C is composed of 6 individual
pictures. Individual pictures are presented in Supplementary Information (Figure S1). LumaScope 600,
magn.x4.

Finally, bearing in mind the potential biomedical application of obtained surfaces,
we scrutinized the ability of a nosocomial pathogen, Staphylococcus aureus, to adhere
to the reference and modified samples. Results of parametric analysis (quantitative
culturing) are shown in Figure 11A. Staphylococcus aureus was able to adhere to all
types of analyzed samples evenly and non-preferentially. Following this lead, we
analyzed ability to adhering to the samples of a biotechnologically-important fungus,
referred to as Saccharomyces boulardii. This microbe was also able to adhere to and
thrive on the surfaces of all types of analyzed samples, but it adhered more eagerly to
the modified surfaces (Figure 11 B). Interestingly, S. boulardii is an eukaryotic, oval
cell, approximately 10 um long by 5 um wide [56]; Staphylococcus, in turn, is a

significantly smaller bacterium (approximately 1 um in diameter [57]). The eukaryotic
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cell lines (osteo- and fibro-blasts) investigated in this research are of approximately the
same size as S. boulardii [58]. Thus, it may be hypothesized that the laser-modified
PLLA surfaces of a dozen or so um in size (please refer to Figure 2F) are too capacious
to anchor staphylococcal cells (of 1 um in diameter). In contrast, the laser-modified
protrusions may be used by eukaryotic cells to hook and firmly adhere to these surfaces
(please refer to Figure 8, bottom of panel A). This ability may be of paramount

importance with regard to bone implants exposed to various types of mechanical stress
[59].

250 300

T

200 250 /

200 -

150

150

cfu x 107
cfu x 10°

100 A
100

50 504

T T
C+ Ref. ‘cookies’ C+ Ref. ‘cookies’

Figure 11. Colonization of analyzed biomaterials by A) biotechnologically-useful fungus S.boulardii and
B) pathogenic S.aureus. C+: positive control of growth at the bottom of polystyrene insert.

4. CONCLUSIONS

In this article, we presented a new method of femtosecond laser-induced surface
modification of biomaterials, with a great potential for tissue engineering applications.
The modification carried out allowed us to obtain a micro-sized hierarchical structure on
the poly(L-lactide) surface, in the form of evenly distributed round-shaped protrusions.
The surface prepared in this way was characterized by greater roughness and better
wettability compared to the unmodified one. The irradiated surfaces showed no
cytotoxic effect to the osteoblast and fibroblast cell lines. Moreover, the laser
modification improved the affinity of both cell types to the PLLA surface, resulting in
improved adhesion. A similar trend was observed for eukaryotic fungus, which is used
in various branches of biotechnology (S.boulardii). The result was opposite for the
pathogenic bacteria S.aureus. We hypothesize that these differences are related to the
similar size of eukaryotic cells, which are one order of magnitude larger than the

analyzed pathogenic cells of S.aureus.
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The selectivity of the developed method should be emphasized. Our research
shows that the selectively modified areas act as a bait for cells, attract them and promote
their growth.
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