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I. Relevance of the Topic

Bone fractures are among the most common injuries and can significantly
affect a patient’s quality of life both in the short and long term. The need for
implant placement most often arises due to trauma, but a significant number of
cases are also due to chronic bone diseases such as osteoporosis or cancer.
Orthopedic implants greatly assist in the regeneration of damaged tissue, serving
either as fixation elements (nails, screws, plates) or as structural supports (joints).
Despite advancements in implant quality, limitations still exist — including the
necessity of a secondary surgery to remove the implant after fracture healing.
Another major issue is the occurrence of bacterial infections post-implantation,
which can lead to serious health complications and implant rejection. The
surfaces of conventional implants are favorable environments for bacterial
colonization. Both opportunistic bacteria (naturally occurring in the body) and
contaminants introduced during or after surgery may adhere to the implant
surface. Colonization leads to the formation of dense bacterial biofilms that act
as a protective layer, shielding the bacteria from immune responses and antibiotic
treatment. Failure to prevent biofilm formation can result in persistent infection,
delayed healing, and implant removal. Therefore, effective strategies are needed
to prevent bacterial colonization. Some current approaches include embedding
antimicrobial agents like antibiotics or peptides into the implant for localized
action. However, these can cause non-specific cell damage, have short-lived
effects, or may not work under altered physiological conditions. Moreover,
administration of antibiotics in higher concentrations could potentially impact the
regeneration of the damaged bone tissue. An alternative strategy that could
overcome these shortcomings is to model the surface of a given orthopedic
implant in a way that can physically prevent bacteria from attaching and
subsequently forming a biofilm. The creation of micro- and nanoscale surface
structures can limit the contact of bacterial cells with the implant. Various
methodologies are being used to enable surface modeling, but one of the most
effective is femtosecond laser structuring. This effectiveness is due to the
advantages of strictly localized interaction of the material with ultra-short
femtosecond laser pulses.The duration of the laser pulse is shorter than the time
required for the transfer of thermal energy from the excited electrons to the atoms
in the material. This type of processing allows the removal of material in a
specific microscopic volume without affecting adjacent areas and causing
unwanted thermal disturbances. Femtosecond laser radiation can be used to form
hierarchical structures at the micro- or nanoscale that influence the
physicochemical properties of the material without compromising its mechanical
stability. Such structures can limit the contact area needed for stable attachment
of bacterial cells, preventing complete bacterial colonization of the surface.

This dissertation aims to propose an innovative approach to improving the
application of biodegradable materials in bone tissue engineering. To achieve this



goal, femtosecond laser processing will be implemented as a strategy for creating
superficial three-dimensional structures that provide a favorable environment for
bone cell attachment but prevent the formation of bacterial biofilm. The structures
will be developed on two types of biomaterials—polycaprolactone and tricalcium
phosphate—which have been the subject of long-term research as potential
alternatives to current standards for bone implants. The two types of biomaterials
will be used to create three-dimensional porous cell matrices that would serve as
a platform for the effective formation of new tissue at the site of a fracture. A
series of studies are planned to track the interaction of femtosecond laser radiation
with the two types of material to determine whether surface structuring leads not
only to a change in local topography but also to serious physicochemical changes
that could compromise their properties during future implantation in an in vivo
environment. The ceramic matrices will be subject to additional functionalization
by depositing an antibacterial agent—zinc oxide—on their surface in order to
achieve a synergistic effect of surface modifications on microbial adhesion. In
order to confirm the effects of laser-structured surfaces on bacterial and cellular
behavior, in vitro experiments will be conducted with human bone cells and the
bacterial species S. aureus and E. coli.

II. Objectives and Tasks of the Dissertation

The primary goal of this dissertation is to create antibacterial surfaces on
biocompatible matrices made of polycaprolactone and tricalcium phosphate using
femtosecond laser-induced structuring, to improve their application in bone tissue
engineering. To achieve this goal, the following tasks were set:

e Creation of biocompatible three-dimensional matrices from
polycaprolactone and tricalcium phosphate according to pre-
established parameters using manufacturing techniques including
three-dimensional printing and water precipitation, respectively

e Surface functionalization by applying femtosecond laser radiation to
obtain laser-induced surface microstructures with controlled
morphology and laser-based deposition of nanometric layers of zinc
oxide. This task includes preliminary optimization of the applied
working parameters of the laser radiation (energy, number of laser
pulses, repetition rate, scanning speed)

e Monitoring the effects of ultra-short pulse laser radiation on the
topography and physicochemical properties of the two types of three-
dimensional matrices. Morphological evaluation of laser-induced
microstructures at different operating parameters of laser radiation.
Analysis of the physicochemical properties of biocompatible
materials before and after femtosecond laser treatment.



e Validation of laser-based methodologies for surface functionalization
by conducting cellular and microbiological studies to establish:

o The potential of laser-induced microstructures to promote the
attachment, proliferation, and differentiation of human bone
cells for improved tissue integration of the matrices.

o Antimicrobial properties of surface functionalization against
bacterial strains characteristic of infections associated with
orthopedic strains. Assessment of cell viability and activity
through microscopic and metabolic analyses.

[1I.Structure and Volume of the Dissertation

This dissertation consists of an introduction, a literature review, an
experimental section (including a description of the research methodology and
presentation of the original results of the work), a discussion of the results of the
work, a conclusion, and a list of the main contributions. The introduction presents
the relevance of the topic and briefly describes the aim and objectives of the
thesis. The literature review provides scientific information on current research
on the topic, focusing on three main themes: innovative materials and issues
related to bone tissue regeneration; risks of bacterial infections resulting from the
placement of orthopedic implants and strategies for their prevention; applications
and advantages of laser structuring of biomaterials. The experimental part of the
dissertation begins with a detailed description of the methodology of the scientific
experiments and research conducted, followed by a detailed explanation of the
results obtained. The discussion of the results of the dissertation is based on their
critical analysis and comparison with those from the scientific literature on the
subject. The concluding part of the thesis summarizes the experimental work with
an emphasis on the most important results.

The dissertation is 137 pages long and includes 59 figures and 4 tables.
There are 202 references cited. The publications on which the dissertation is
based are listed, namely 2 publications in scientific journals with impact factor
and 1 publication in an international scientific journal with SCImago Journal
Rank.

IV. Literature review

The literature review is divided into three consecutively linked parts, which
form the basis of the dissertation. The first part examines the current standards
for materials used in orthopedic implants and the problems arising after their
surgical placement in the body. Contemporary alternative biocompatible
materials suitable for the restoration of damaged bone tissue are indicated, with
a focus on the advantages of polymer and ceramic materials, specifically
polycaprolactone and tricalcium phosphates, which are also used for the purposes



of the dissertation. The main disadvantage of most orthopedic materials,
regardless of their origin, is the risk of developing a bacterial infection after
implantation. This marks the beginning of the second part of the review, which
focuses on the biomechanical processes and prerequisites for the formation of
bacterial biofilms on the surface of implanted materials. The main surface
physicochemical factors and topographical features that influence the adhesion
of bacterial cells are described. The second part also discusses the main strategies
for the prevention of bacterial infections, including active and passive
mechanisms of action. The advantages and disadvantages of both types of
mechanisms are indicated, with an emphasis on non-contact surface laser
modification of biomaterials for control of bacterial attachment. The third part
of the literature review focuses on the laser structuring of biomaterials of different
origins. A comparison is made of the interaction between laser radiation with
different pulse durations (nanoseconds, picoseconds, and femtoseconds) and
metals and dielectrics. The mechanisms of interaction between different types of
laser radiation and matter are presented in detail. The advantages of femtosecond
laser structuring of materials for achieving localized topographic patterns with
defined micro- and nano-morphological characteristics are highlighted.

V. Experimental section

This part of the dissertation begins with the main objectives and tasks of the
work, continues with a description of the various experimental methods used to
achieve the results, followed by a presentation of the original results. The
processes for synthesizing three-dimensional polymer and ceramic matrices,
respectively from polycaprolactone and tricalcium phosphate, are discussed in
detail. The main focus is on the surface structuring of the two types of material
using a femtosecond laser, and attention is paid to the specifics of the laser
installations used for the practical purposes of the scientific work. The relevant
analytical techniques for quantitative and qualitative assessment of the
physicochemical properties of laser-treated surfaces before and after laser
modification are indicated. The cellular and microbiological in vitro studies with
human bone cells and bacterial strains used to validate the set objectives are
described. The next section presents the results achieved from the analyses
performed. Various spectroscopic, microscopic, and crystallographic techniques,
as well as surface fatigue assessment, revealed details about the effects of
femtosecond laser structuring on polymer and ceramic matrices.

VI. Methodology of the Scientific Research

1. Fabrication of Polymer and Ceramic-Based Cellular Matrices

The type of polymer chosen for the purposes of the dissertation was
polycaprolactone (PCL). It is a biodegradable, biocompatible polyester that is
used in bone tissue engineering. The polymer has a semi-crystalline structure with



a melting point between 59°C and 64°C, which is higher than physiological
temperature. Due to this fact, polycaprolactone can retain its rubber-like
mechanical properties—high strength, toughness, and elasticity, which is
determined by its molecular weight. This dissertation presents three types of
polycaprolactone matrices with different architectures (disc-shaped with
triangular macropores, cube-shaped with parallel fibers) and composition (pure
polycaprolactone, composite mixture with hydroxyapatite), which are subjected
to surface femtosecond laser structuring in order to impart antimicrobial
properties. For all types of matrices, polycaprolactone in the form of beads with
an average molecular weight (Mn) of 45,000 kDa (Sigma-Aldrich, St. Louis,
Missouri, USA) was used. The experimental methodology for the disc-shaped
matrices involved heating the beads to 110°C in a metal head of a 3D printer
(custom-made, owned by Printivo LTD) operating with a pneumatic extrusion
system. The matrices themselves were printed through a stainless steel nozzle
with a diameter of 280 um at a temperature of 110°C and a printing speed of 100
mm/min. The height of each printed layer was 0.3 mm, and the average thickness
of the individual fibers was 390 um. To mix the two types of material, the
polycaprolactone beads were heated to 350°C, which was determined to be the
minimum temperature at which a low-viscosity slurry was obtained, allowing for
homogeneous mixing. Hydroxyapatite powder (Sigma-Aldrich, St. Louis,
Missouri, USA) was added in a ratio of 70/30 w/w%
(polycaprolactone/hydroxyapatite) and the mixture was stirred until
homogeneous [1]. The printing process followed the steps and parameters
described above. To synthesize the cubic matrices, the polymer beads were
melted at 70°C in a steel head of a 3D printer (Bioscaffolder machine, SYSENG,
Germany) and extruded through a nozzle with a diameter of 250 pum at a speed
of 95 mm/min. The matrices were printed layer by layer, with each layer having
a thickness of 160 um and the distance between the individual fibers being 140
pm.

The creation of ceramic matrices from tricalcium phosphate and
hydroxyapatite with controlled porosity was carried out on the basis of an already
established experimental methodology. [2], [3]. For the synthesis of B-tricalcium
phosphate in powder form, a water precipitation technique was used, for which
solutions of diammonium phosphate ((NH4)2HPO4; Carlo Erba, Val de Reuil,
France) and calcium nitrate (Ca(NO3)2+4H20 (Brenntag, France) were mixed.
The resulting powder with a hydroxyapatite concentration of 6% was filtered,
calcined at 850°C for a period of 3 hours, and finely ground. The next step in the
synthesis of the final product involved dispersing the ground ceramic powder (65
wt%) in water together with specific chemical reagents Darvan C, 1.5 wt%
(Vanderbilt, New York, USA) and B1000 Duramax, 4 wt% (Dow Corporate, West
Virginia, USA)), as well as the surfactant Dynol, 0.01 wt% (Evonik Resource
Efficiency GmbH, Essen, Germany), to obtain a homogeneous slurry. In order to



create controlled internal porosity, the ceramic slurry was poured onto pre-
partially bonded polymethyl methacrylate beads (Diakon, Ineos Acrylics,
Rotterdam, Netherlands) with a diameter between 300 and 400 um and left
overnight for complete infiltration between the individual beads. The polymer
matrices were removed by melting at 400°C, after which the residual porous
ceramic product was sintered at 1050°C for 3 hours. The final product of the
synthesis was a cylinder with a height of 9 mm and a diameter of 13 mm with a
dense outer shell and a porous interior.

2. Surface structuring of polymer and ceramic matrices using
femtosecond laser radiation

The main task of the dissertation is to create topographic models on
biomaterials by processing them with ultra-short laser pulses. Two femtosecond
laser systems were used to accomplish this task. The first was Solstice Ace
(Spectra Physics, Santa Clara, California, USA) with a central wavelength A= 800
nm, laser pulse duration t= 70 fs, and laser spot diameter (1/¢? of the maximum
intensity of laser radiation with a Gaussian profile) of 24 um. The surface
structuring of the samples was performed by raster scanning the surface of the
biocompatible materials along the X and Y axes, placing them perpendicular to
the laser radiation. The Solstice Ace setup used a translation stage (Thorlabs,
USA) controlled by Kinesis® v1.14.45 software (Thorlabs, USA), which allowed
optimization of the distance between the applied sequential laser spots along both
axes (dx and dy). The second femtosecond laser system used for the dissertation
was the Integra-C System (Quantronix, Hamden, Connecticut, USA), also
emitting laser radiation with a central wavelength of 800 nm, 1=130 fs, and a
laser spot diameter of 50 um. Again, surface raster scanning was performed using
a translation stage, but controlled by LabView software. In all experiments
involving surface structuring, preliminary studies were conducted to establish the
ablation threshold specific to each material and the optimal operating parameters
(radiation energy, repetition rate, scanning speed) to achieve clearly defined,
reproducible topographic patterns.

3. Investigation of the effects of femtosecond laser radiation on the
physicochemical characteristics of ceramic and polymer matrices

The aim of surface treatment of biocompatible matrices with ultra-short
laser pulses was to form specific topographical micro/nano models that would
influence microbial adhesion without compromising the physicochemical
properties of the materials. During the creation of the laser-induced structures,
their control and optimization in terms of morphological characteristics and
influence on the physicochemical properties of the surfaces themselves were
performed using various microscopic, spectroscopic, and crystallographic



methods (described briefly below). All analyses were performed against a
reference control surface without laser modifications.

Scanning electron microscopy was used to evaluate morphological
changes after femtosecond laser ablation of polymer and ceramic surfaces. The
various laser-structured samples presented in this dissertation were analyzed
using several different systems: TM4000 and SU5000 (Hitachi High-Tech
Europe, Krefeld, Germany); Lyra Tescan (Orsay Holding, Brno, Czech
Republic); JEOL JSM-700 (Tokyo, Japan). Before each analysis, the respective
surface was coated with a nanometric carbon layer (~10 nm) by spraying. The
Lyra Tescan microscope was equipped with an additional module for energy-
dispersive X-ray spectroscopy — EDS (Quantax 200, Bruker, Karlsruhe,
Germany). This technique allowed the identification of specific chemical
elements in the composite matrices by determining the weight percentages (wt.%)
of the respective elements and creating "maps" of their surface distribution in
laser-treated and untreated areas.

Another technique used to evaluate the topographical features of the
materials was optical profilometry. Three-dimensional real images of the laser-
treated and control surfaces were obtained using two systems: Zeta-20 (Zeta
Instruments Galatin, Montana, USA) and Leica DCM3D (Leica Microsystems,
Wetzlar, Germany). The images obtained from both instruments were captured at
20x magnification with a field of view of 476 x 357 um (Zeta-20) and 636.6 x
477.3 um (Leica DCM3D). To measure surface roughness, the parameters Sa
(arithmetic mean height of the surface; according to ISO 25178 [4] and Ra
(arithmetic mean deviation of linear profile [SO4287). The roughness
measurements were performed using freely available ProfilmOnline software
(www.profilmonline.com). For additional roughness assessment, computed
tomography was performed, allowing three-dimensional visualization of the
entire object, but in this case it is possible to understand details about the object
in volume. The analysis was performed using a Bruker SkyScan 1272 device
(Bruker, Berlin, Germany) with the following operating parameters: X-ray
voltage: 70 kV; 1=142 pA; pixel size for three-dimensional reconstruction: 3 pm;
optical magnification: 2.4. The three-dimensional reconstruction was performed
using InstaRecon software, and additional analyses of surface roughness were
performed using CTAn, CTvox, and DataViewer.

X-ray crystallography (XRD) was performed to identify the crystal phases
present in the polymer and ceramic matrices. The device used to conduct the
studies for both types of matrices was a Philips PW1050 X-ray diffractometer
system (Philips, Amsterdam, Netherlands). The measurements were made in the
range between 5 and 95° 02 with a step of 0.05° 62 and an exposure time of 3
seconds. The chemical phase of the elements was identified using QualX2
software, and the results were compared with the Crystallography Open
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Database. Qualitative phase analysis was performed using HighScore Plus 3.0e
software and ICSD (Inorganic Crystal Structure Database (FIZ Karlsruhe GmbH,
Leopoldshafen, Germany). Quantitative analysis of the ratios of the analyzed
phases was performed using the Rietveld method. [5]. Raman spectroscopy of
the polymer samples before and after laser treatment was performed in order to
track potential changes in the structure of the elements of the two types of
matrices. The analysis was performed using LabRAM HR Evolution (Horiba,
Kyoto, Japan), operating with a laser with a wavelength of 532 nm. The
spectroscopic system used for the ceramic samples was LabRAM HR Visible
(Horiba, Kyoto, Japan), operating with a He-Ne laser with a wavelength of 633
nm. All results were processed using Spectragryph v1.2.11 and Origin v9.5
software.

Contact angle measurement was the method used to assess the degree of
wetting of the three-dimensional matrices before and after femtosecond laser
treatment. The wettability of the disc-shaped three-dimensional polycaprolactone
matrices with intersecting fibers was measured using Imagel software with a
contact angle measurement software extension. Due to the presence of
micrometric pores between the individual fibers of the matrix, the wetting angle
was also measured on a three-dimensional printed dense polycaprolactone plate.
Drops of distilled water (1 ul) were placed on the laser-treated and control
surfaces of the matrices and the plate. The change in the static contact angle was
tracked for 10 seconds, with measurements taken every second. The measurement
was repeated three times for each sample. The degree of wetting of the three-
dimensional cube-shaped matrices was analyzed using a DSA100 Drop Shape
Analyzer (KRUSS GmbH, Hamburg, Germany) contact angle measurement
device. In addition to tracking the change in contact angle, the device allowed the
surface energy of the material to be calculated using three types of liquids with
different polarities: distilled water (high polarity); ethylene glycol (medium
polarity); diiodomethane (very low polarity). The static contact angle of 2 ul
droplets was measured for 3 minutes, with values recorded every second for the
first minute and then every minute thereafter. The contact angle and surface
energy were calculated using ADVANCE software (KRUSS GmbH, Hamburg,
Germany). Surface energy measurements were made by the software using the
Owens-Wendt-Rabel-Kaelble (OWRK) equation (equation (1)):

Yiz=V1+V2—2 /(Vldyzd) -2 /(Vf’yzp) (1)

A Vickers hardness test was performed on laser-treated and control porous
polymer matrices and a dense polymer plate. The tests were performed using a
Digital Display Micro Vickers Hardness Tester HVS-1000 (Shandong Liangong
Group, Shandong, China), equipped with an attached optical CCD camera and an

11



image processing system. The analyses were performed at 400x optical
magnification in test mode at a force of 2.94 N/0.3 kg. Each value obtained was
averaged after 5 separate measurements. Tukey's multiple comparisons test was
used to determine the statistical significance between the individual groups.
Another type of test related to the surface physical properties of polymer matrices
was the determination of the degree of wear using a CETR-UMT-2 modular
tribological analysis system (Bruker, Germany). The friction coefficient of the
matrices was determined by a test with reciprocating motion of a stainless steel
ball mixed with chromium (6.35 mm in diameter), exerting a load of 2 N, for a
period of 600 seconds.

4. Surface functionalization of ceramic matrices to impart
antimicrobial properties

In order to impart antimicrobial properties to the ceramic matrices, zinc
oxide (ZnO) nanolayers were deposited by pulsed laser deposition. This was
done after a zinc oxide tablet was ablated with an Nd:YAG laser (Lotis TII,
Minsk, Belarus) with a repetition rate of 10 Hz, a wavelength of 355 nm, a pulse
duration of 15 nanoseconds, and a laser radiation energy of 1.5 J/cm?. The process
was performed at room temperature, in an oxygen atmosphere, at a pressure of
0.01 mbar, for a period of 10 minutes, with a distance of 4 cm between the ZnO
tablet and the ceramic matrix. The thickness of the nanolayer was measured by
ellipsometry (Wollam M2000D, J.A. Wollam Co., USA) after depositing an
identical layer on a silicon substrate. The measurements were performed with
light in the range 193—-1000 nm. The software used to process the results was
CompleteEASE® v4.92, and the model used for the results was a two-component
model of nanolayers: naturally formed oxide on the silicon substrate as the first
layer and the deposited ZnO layer (Cauchy layer) as the second layer. X-ray
photoelectron spectroscopy for the identification and characterization of the
zinc oxide nanolayer. For this analysis, an AXIS Supra electron spectrometer
(Kratos Analytical Ltd., Manchester, UK) emitting AlIKa radiation with an energy
of 1486.6 eV was used. The binding energy (BE) values were determined with an
accuracy of £0.1 eV, using the C1s line with an energy of 284.8 eV as a reference
value. In order to determine the chemical bond of zinc with greater accuracy, the
value of the Auger parameter was determined according to the following equation
(equation (2)):

& = KE(ZnL3M,sM,s) + BE(Zn2ps ;) 2)

where KE(ZnL3M5Mys) u BE(Zn2ps3.;) correspond to the kinetic energy and
the energy required to overcome the bond with the nucleus, respectively, relating
to the Auger transition. X-ray photoelectron spectroscopy was also used to
determine the concentration of chemical elements, expressed as atomic
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percentages. This was done by relating the area of the measured photoelectron
peaks of Ols, Ca2p, P2s, Zn2p3/2 to their corresponding ones in the database
using ESCApe™ v1.2.0.1325 software (Kratos Analytical Ltd., Manchester,
UK).

5. Conducting biological tests with bone cells to assess the
biocompatibility of laser-structured polymer matrices

Laser-treated and control polycaprolactone matrices, cube-shaped, were
used in an in vitro experiment with human osteoblast-like cells from the MG-63
line (ATCC®CRL-1427TM). The cells were cultured in a nutrient medium (a-
MEM) containing 10% foetal bovine serum, 100 IU/ml penicillin, 100 pg/ml
streptomycin, 2.5 pg/ml amphotericin B (all reagents were purchased from
Gibco, USA) at a temperature of 37°C, 5% CO: and 95% humidity. The cell
concentration for seeding the matrices was 2x10° cells/cm? for an 11-day period.
Osteogenic factors were added to the culture medium: 50 pg/ml ascorbic acid, 10

nM dexamethasone, 10 mM beta-glycerophosphate (all reagents were purchased
from Sigma-Aldrich, St. Louis, Missouri, USA).

Morphological assessment of the seeded cells was performed on the 7th day
after sowing by SEM. The viability of the cells was monitored on days 1, 3, 7,
and 11 by a resazurin metabolism test (10% solution in basic nutrient medium;
R7017, Sigma Aldrich, St. Louis, Missouri, USA). Fluorescence signal (530 nm
excitation/590 nm emission) was measured in a reader (Synergy HT, Biotek,
Winoski, Vermont, USA), running Gen5 v1.09 data analysis software. The
presence of alkaline phosphatase was examined on the third and seventh days of

cell incubation with osteogenic factors using the DC™ Protein Assay (BioRad,
USA).

6. Microbiological experiments on laser-structured matrices of
polycaprolactone and tricalcium phosphate

Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922)
were inoculated onto laser-treated and untreated polymer matrices at a
concentration of 10,000 CFU/ml in tryptone soy buffer (Liofilchem, Italy) for a
period of 48 hours. Morphological evaluation of the bacterial cells was performed
by SEM at 6, 24, and 48 hours, and colony-forming units were examined by agar
plating once 24 hours after the initial plating.

The surface of the ceramic matrices, subjected to laser structuring and/or
Zn0O nanolayer deposition, was seeded with a bacterial solution (S. aureus (ATCC
25923)) at a concentration of 10°® CFU/ml for a period of 3 and 6 hours at a
temperature of 37°C. The antibacterial activity of the functionalized samples was
monitored by SEM (Crossbeam 350, Zeiss, Germany; voltage 5 kV) and helium
ion scanning electron microscopy (Orion Nanofab helium ion microscope, Zeiss,
Germany), operating with an ion beam voltage of 25 keV and a beam current
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between 0 and 3.15 pA. The images were taken at a magnification of 28,500. The
metabolic activity of planktonic and sessile bacteria was monitored at 3 and 6
hours after inoculation by resazurin reduction (R7017, Sigma Aldrich, USA). The
fluorescent signal was measured using a Synergy HT reader (Biotek, USA) at an
excitation wavelength of 530 nm and an emission wavelength of 590 nm.

The results of the in vitro experiments were analyzed using one-way
ANOVA with Tukey's post hoc test. When a p-value less than 0.05 was obtained,
the results were considered statistically significant.

VII. Results and discussion

1. Creation of three-dimensional topographic models on the surface of
polycaprolactone matrices with and without hydroxyapatite by
femtosecond laser irradiation — morphological evaluation

Untreated disc-shaped polymer matrices were examined using SEM, which
confirmed the preservation of the structural integrity of the individual fibers after
synthesis. The analysis also revealed that the diameter of the randomly formed
pores during printing was 10 um (Figure 1). After initial surface structuring tests,
involving ablation of the polymer fibers with a wide range of operating
parameters of the femtosecond laser radiation (F= 0.04 + 1.23 J/cm2; N=2 + 10;
V= 1.72 + 16 mm/s) and their morphological evaluation by SEM, it was
established which parameters lead to stable, reproducible laser-induced
topographic patterns without unwanted melting of material or cracking.
Microscopic analysis of the laser-structured surfaces revealed the formation of
two types of patterns depending on the applied laser processing parameters, in
which no undesirable thermal effects were observed — microchannels engraved in
the polymer fibers (F=0.08 J/cm?; N=10; V= 1.72 mm/s), and micro-protrusions
rising in a vertical position (F=0.08 J/cm?; N=2; V=16 mm/s). The microchannels
created on the pure polycaprolactone matrices had an average depth of 32.9 pm
and an average width of 26.5 pm (Figure 2), while the same type of topography
on the surface of the composite samples had an average width of 43.2 um (Figure
3). When comparing the morphological appearance of the models on the two
types of surfaces, it was observed that the patterns on the composites were
rougher with a larger amount of material melted and subsequently solidified on
the walls and bottom of the microchannels themselves. This could be explained
by the presence of hydroxyapatite particles, which influence the interaction of the
material with the laser radiation.
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Figure 1. Polycaprolactone matrices with intersecting geometry, manufactured using 3D
printing.

Figure 2. Creation of parallel microchannels on the surface of polycaprolactone by
femtosecond laser irradiation. (a) control untreated surface; (b, ¢) microchannels obtained with

irradiation parameters: F= 0.08 J/cm?; N= 10
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Figure 3. Creation of parallel microchannels on the surface of composite samples by
femtosecond laser irradiation. (a-c) Microchannels obtained with radiation parameters: F=0.08
J/em?; N=10.

The application of two laser pulses resulted in the formation of
microprotrusions with an average height of about 12 um and an average diameter
of about 25 pm in the pure polycaprolactone matrices and a diameter of 32.5 um
in the composite ones. Partial merging of the protrusions in the direction of the
raster scan was observed (Figure 4), and hydroxyapatite crystals were observed
on the surface of the micro-protrusions in the two-component matrices (Figure
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5). Basset and colleagues observed the formation of similar modifications on
polymethyl methacrylate with a gradual increase in laser energy from 640 nJ to 1
nJ—the rise of material in the form of a "dome" and its subsequent destruction
and formation of a crater engraved into the material [6].

Figure 4. Formation of microprotrusions on polycaprolactone as a result of femtosecond laser
treatment. (a) Control untreated surface; (b, c¢) Microprotrusions obtained at ablation
parameters: F=0.08 J/cm?; N= 2.

Figure 5. Formation of microprotrusions on composite samples of polycaprolactone and
hydroxyapatite as a result of femtosecond laser treatment. (a) control surface; (b, c)
microprotrusions obtained at ablation parameters: F= 0.08 J/cm?; N= 2 (white arrows indicate
the presence of hydroxyapatite crystals).

Scanning the profiles of the PCL matrices using optical profilometry
revealed an expected increase in surface roughness after femtosecond laser
treatment. The Ra values of the control surfaces of pure PCL were 0.08 um, while
those of the microchannel and microprotrusion areas were 5.1 um and 1.15 pum,
respectively (Figure 6). When analyzing the roughness in the microchannels
themselves, a deviation in the values was observed, ranging between 0.14 and 0.8
um. Roughness measurements of composite surfaces with and without
topographical patterns showed the following results for Ra: microchannel area:
1.81 um; in the microchannels: in the range 0.67 um — 1.32 pum; on
microprotrusions: 2.21 um; control area: 0.7 um (Figure 7). A computer
tomography study allowed for additional quantitative analysis of surface
roughness in control and laser-structured (F= 0.08 J/cm2; N= 10) matrices. The
results in Figure 8 show that the average variation in the group of laser-treated
surfaces in both the horizontal and vertical segments is about 40 um, while in the
control group these values were about 8 um. The results obtained confirmed the
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observations that femtosecond laser structuring leads to a significant increase in
surface roughness.

Figure 6. Three-dimensional profiles of laser-structured polymer surfaces made of pure
polycaprolactone. (a) control surface; (b) microprotrusions (F= 0.08 J/cm?; N= 2); (¢)
microchannels (F= 0.08 J/cm?; N= 10).

Figure 7. Three-dimensional profiles of laser-structured composite surfaces made of
polycaprolactone and hydroxyapatite. (a) Control surface; (¢) Microchannels (F= 0.08 J/cm?;
N=10).
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Figure 8. Quantitative comparison of surface roughness between laser-treated polymer
matrices (F= 0.08 J/cm?; N= 10) and control matrices.

Additional morphological analyses tracking the impact of increasing laser
radiation energy and the number of laser pulses applied to polycaprolactone
matrices. Figure 9 shows how, when the radiation energy is kept at 0.08 J/cm?
and the number of pulses is increased from 1 to 10, there is an initial rise in
material (micro-protrusions), followed by progressive ablation of the polymer
(micro-channels). Figure 10 demonstrates how the area of the laser-induced crater
changes with the number of laser pulses applied (1-10) and the increasing energy
intensity of the ablation (0.08-1.25 J/cm?).
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Figure 9. Surface profiles of polycaprolactone matrices treated with a femtosecond laser with
radiation energy of 0.08 J/cm? and number of pulses applied: (a) 1; (b) 2; (¢) 5; (d) 10.
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Figure 10. Change in the area of the ablation crater with increasing laser radiation energy and
number of pulses applied.

2. Monitoring the effects of femtosecond laser structuring on the
chemical structure of polycaprolactone through spectroscopic and
crystallographic analyses

Elemental analysis by energy dispersive spectroscopy of the composite
polymer-ceramic matrices showed the presence of a higher amount (weight
percentage, wt%) of calcium and phosphorus in the laser-treated areas compared
to the control areas. Maps of the elemental distribution on the surface of the
control and structured zones were created (Figure 11), which revealed a
homogeneous distribution of minerals in the matrix structure.
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Figure 11. Distribution of calcium (a) and phosphorus (b) on the surface of composite matrices
before and after femtosecond laser treatment (F= 0.08 J/cm?; N= 10).

Raman spectroscopy identified peaks characteristic of the polycaprolactone
structure, corresponding to the fundamental vibrations of the chemical bonds
(Figure 12). The crystalline phase of the polymer prior to laser treatment was
determined by the peaks in the carbon skeleton (C-OO and C-C bonds), CH>
rotation, CH stretching, and C=0 stretching. The analyses were also performed
on samples containing hydroxyapatite, whose characteristic peak was detected at
960 cm'. The results of the spectroscopic analysis led to the conclusion that
heating polycaprolactone to 350°C did not cause a change in the semi-crystalline
structure of the polymer and the crystalline phases were preserved. Femtosecond
laser interaction with the polymer also did not cause significant changes in the
structure.

— PCL/HA (control)
— PCL/HA (F= 0.08J/cm? N=10)
PCL/HA (F= 0.08J/cm? N=2)

Intensity

1000 1500 2000 2500 3000
Raman scattering(cm-?)

Figure 12. Raman spectroscopy of a laser-structured matrix of polycaprolactone and
hydroxyapatite (PCL-HA).

Using X-ray crystallography, the two peaks characteristic of
polycaprolactone were identified at positions 21.4° and 23.7°, corresponding to
the (110) and (200) planes. There was no significant difference in the shape,
position, and intensity of the two peaks between the laser-treated surface and the
control surface (Figure 13). The crystallographic method confirmed the presence
of hydroxyapatite in the surface part of the matrices, with its specific planes (211),
(300), (002), (102) and (202) were identified, corresponding to positions 32.2°,
33°, 26°, 28.3° and 32.3°, respectively. The results of the crystallographic
analyses showed that femtosecond laser radiation allows surface modeling
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without significant changes in the crystal regions of the chemical structure of
polycaprolactone.
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Figure 13. Crystallographic analysis of laser-treated and control matrices made of
polycaprolactone and polycaprolactone with hydroxyapatite (PCL-HA).

3. Analysis of the relationship between laser-induced surface patterns
and the surface wetting of polymer matrices

Measurements of the contact angle of wetting on matrices with intersecting
fibers of pure polymer, structured with F= 0.08 J/cm2; N= 10 and a distance
between two adjacent laser spots of 45 um, showed complete wetting of the
surface upon contact of the distilled water drop with the sample. However, by
reducing the distance from 45 pm to 32 um, the wetting angle increased, and at
the end of the measurement, the surfaces with microchannels showed contact
angle values of 73°, which was 1° more than the control untreated surfaces
(Figure 14). The shorter distance would lead to a larger amount of solidifed
material overlapping the individual microchannels. This could increase the
surface roughness and, accordingly, the contact angle values. Complete wetting
of surfaces with microchannels is more likely to be due to the combination of
microchannels formed at a distance of 45 pm between two adjacent interaction
zones and the microporous structure of the matrices.

t= 0.5 sec; ©=69° t= 10 sec; ©=72.3°

t= 0.5 sec; ©=81° t= 10 sec; ©=73.2°
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Figure 14. Profile of a drop of distilled water when measuring the contact angle on
polycaprolactone matrices. (a-b) control areas; (c, d) laser-treated areas F= 0.08 J/cm?; N= 10;
dx=32 pm.

The results of measurements on composite matrices showed a similar trend
(Figure 15). An increase in surface wetting was observed in microchannel
structures to a greater extent than in micro-protrusions, but only up to 85° at the
tenth second (101.3° at 0.5 seconds). The angle measured 0.5 seconds after
placing the drop on the micro-protrusions was 101.7° (almost identical to the
angle on the microchannels), while that measured on the control surface was 89°.
After 10 seconds, the values of the two angles were 95.3° and 93.2°, respectively.
In the control samples, the wetting angle had lower values, but after a period of
ten seconds, an increase was observed.

t= 0.5 sec; ©=89°

t= 10 sec; ©=93.2°

t= 0.5 sec; ©=101.3

"
» -
3° t= 10 sec; ©=85°

-— T -
Figure 15. Profile of a drop of distilled water when measuring the contact angle on
polycaprolactone and hydroxyapatite matrices. (a-b) control areas; (c, d) laser-treated areas

with F= 0.08 J/cm?; N= 10; dx= 45 um; (e,f) F= 0.08 J/cm?; N= 2; dx= 45 pm.

Measurements of the wetting angle of the cube-like three-dimensional
matrices were taken over a period of 3 minutes. The contact angle measurement
at the control areas had values of 123.3° 1 second after the drop was placed, which
decreased to 115.8° at the third minute. The surfaces with microchannels showed
the lowest contact angle values, reaching 82° (Figure 16). It can be concluded
that the increased hydrophilicity is caused by the surface patterns rather than a
change in the chemical composition of the polymer. The interaction between the
distilled water drop and the laser-induced modifications follows the wetting
patterns of Wenzel and Cassie-Baxter. They describe the trapping of air between
the spreading drop and the bottom of the microchannels, thus preventing the drop
from spreading completely [7].
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Figure 16. Change in the profile of a drop of distilled water on control and laser-structured
cubic polycaprolactone matrices. (a-d) Contact angle on laser-structured samples (F= 0.08
J/em?; N= 10); (e-h) contact angle on laser-structured samples (F= 0.08 J/cm?; N= 2); (i-1)
contact angle on control samples.

In order to measure surface tension, the contact angle was measured using
liquids with different degrees of polarity — ethylene glycol and diiodomethane.
Unlike distilled water, ethylene glycol, which has a balanced degree of polarity,
completely covered the three types of surfaces 30 seconds after initial contact.
When using diiodomethane, which has a strong dispersive character and weak
polarity, all three types of surfaces were completely wetted immediately after
initial contact with the drop. For this reason, it was not possible to measure the
contact angle. The complete wetting observed with both types of reagents is due
to the strong interaction between the dispersive components on each side. For this
reason, the polar molecules of water are repelled by the material, and the decrease
in contact angle over time is due to the penetration of the drop into the surface
micropatterns. Measurements of surface energy using ADVANCE software
showed that laser treatment of the polymer led to a decrease in surface free energy
(SFE). The control samples showed a SFE of 193.8 mN/m, while the samples
with formed microchannels and microprotrusions showed 20.8 mN/m and 18.3
mN/m, respectively. A high surface free energy value for a given surface means
that it is hydrophilic, and a decrease in this energy would make it hydrophobic.
The samples with laser modifications showed a wetting angle below 90° and low
SFE, while the SFE value for the hydrophobic control surfaces was nearly 10
times higher. Taking into account all observations regarding surface energy and
its components, with the presence of surface patterns that alter the relief and
roughness of the matrices, it can be concluded that laser-induced structures play
a greater role in increasing the hydrophilicity of polymer matrices.
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4. Investigating changes in the mechanical properties of polymer
matrices after femtosecond laser treatment

4.1.  Vickers microhardness test

The results showed a decrease in the average hardness values of the laser-
treated surfaces, but statistical analysis did not show the significance of the trend
(Table 1). The lack of a more significant difference in the measured values could
be due to the fact that laser structuring leads to material removal (during the
formation of microchannels) within less than 50 pum in depth. Considering that
the average diameter of the 3D-printed polymer fibers was 390 um, the ablation
of material does not compromise the mechanical properties of the matrices.

Table 1. Vickers hardness test performed on laser-treated and untreated polymer and composite
matrices..

No. Polycaprolactone Polycaprolactone Polycaprolactone Polycaprolactone
(control area) (F=0.08 J/cm?; N= 10) Hydroxyapatite Hydroxyapatite
(control area) (F=0.08 J/cm?; N=
10)
1 12.4 11.1 12.1 8.1
2 11.9 9.8 12.6 11.4
3 12.5 12.3 11.4 12.5
4 13 13.1 13.3 10.7
5 11.1 10.9 9.9 9.8
Average 12.18 11.44 11.86 10.5

value

4.2.  Change in the degree of wear of laser-structured and control
polymer surfaces

Tribological tests were used to compare the degree of wear between the
laser-treated (microchannels) and control surfaces. Over a period of 600 seconds,
both surfaces showed a similar trend of a sharp initial increase in the coefficient
of friction up to the 160th second, followed by a gradual increase (Figure 17).
The increase in friction in both cases may be due to the elastic deformation of the
polymer structure, which does not recover when the steel ball passes over it, thus
changing the structure of the matrix and its surface. For the laser-treated surfaces,
the friction coefficient was higher than for the control areas, which can be
attributed to the microchannels formed and the increased surface roughness.
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Figure 17. Coefficient of friction of laser-treated and control surfaces on polycaprolactone
matrices.

5. In vitro studies to determine biocompatibility with bone cells and
antimicrobial activity

5.1. Improving cell attachment and stimulating osteogenic
differentiation through laser-induced topographical patterns

Control and laser-structured samples were seeded with human osteoblast-
like cells (MG-63) in two different experiments. One involved maintaining the
cell culture in a basic nutrient medium for 11 days, while the other lasted 7 days
and used a nutrient medium containing osteogenic factors. In the first experiment,
the metabolic activity and cell morphology of cells seeded on control polymer
samples and those bearing surface microchannels were monitored. Throughout
the experiment, the trend for cells seeded on microstructures showed that higher
activity was maintained (Figure 18). Morphological analysis of the samples
performed on the seventh day after seeding showed that several separate clusters
of cells with abnormal morphology were observed on the smooth untreated
samples (Figure 18d). Unlike the control samples, cells with natural spreading
morphology were identified in the laser-induced microchannels (Figure 18a, c).
Cellular pseudopods were observed, helping the cell to move along the surface
and establish contact with it. Similar results for directing cell orientation through
microchannels have been observed in other studies [8], [9], [10].
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Figure 18. Morphological analysis and monitoring of metabolic activity of MG-63 cell line
after seeding on control and modified polymer (F= 0.08 J/cm?; N= 10) surfaces in a basic
nutrient medium. * Indicator of statistical significance when comparing the results from control
and laser-structured surfaces (p< 0.05).

In the second experiment, conducted over 7 days and involving osteogenic
factors, in addition to the metabolic activity and morphological appearance of the
cells, one of the main markers for osteogenic differentiation—alkaline
phosphatase—was also examined. When comparing the two types of surface
modifications (microprotrusions and microchannels), it was noted that the levels
of alkaline phosphatase (ratio to absolute total protein) were significantly higher
in cells growing on microchannels seven days after seeding (Figure 19). This
would mean that the combination of the topographical motif and the growth
osteogenic factors leads to more pronounced cell differentiation towards the
osteogenic cell line. Similar experiments have shown how polycaprolactone
membranes with a roughness of about 0.9 um have helped the synthesis of
alkaline phosphatase from mesenchymal stem cells. [11]. SEM analysis revealed
that the cells exhibited natural morphology, with both types of laser-induced
structures showing an initial stage of monolayer cell formation (Figure 19b, ¢)
and the presence of nanovesicles and synthesized proteins, part of the
extracellular matrix (Figure 19¢, d). These morphological observations showed
that topographic patterns have a strong influence on the osteogenic development
of cells and contribute to the initial formation of bone tissue. Some studies show
that surface laser-induced patterns can stimulate cell differentiation without the
presence of additional factors [9], [12].
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Figure 19. Monitoring changes in metabolic activity and alkaline phosphatase (AP; TP — total
protein) concentration in MG-63 cell line on days 3 and 7 after seeding on control and laser-
treated (F= 0.08 J/cm?; N= 10; F= 0.08 J/cm?; N= 2) polymer surfaces in a nutrient medium
with osteogenic factors. Presentation of cell morphology by scanning electron microscopy on
day 7 after seeding. * indicator of statistical significance in the comparison between the cell
response to micro-pits and micro-channels (p< 0.05).

5.2.  Investigation of the antimicrobial potential of laser-structured
polymer surfaces

Microbiological experiments were conducted over a period of 48 hours
using Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria. When
Gram-positive bacteria were seeded, morphological analyses by SEM revealed
that the control samples showed a minimal increase in the number of colonizing
cells, which retained their typical round smooth morphology with sizes between
0.5 and 1 pum (Figure 20). In the laser-induced structures, a clear decrease in the
number of attached bacteria was observed after 48 hours of incubation, with
individual cells or single colonies visible. The bacteria attached to the
microchannels showed a disrupted rough outer envelope, which is an indicator of
cell death (Figure 20d-f). The literature discusses various examples of
topographical patterns with antimicrobial properties created by femtosecond laser
ablation. [13], [14], [15]. The colony-forming unit (CFU) assay also confirmed
that microchannels had a stronger negative effect on S. aureus. The number of
CFUs from cells isolated from surfaces with microchannels was half that from
surfaces with microprotrusion or control areas. This difference was statistically
significant. The reason for the observed results may be due to the different
roughness and morphology between the laser-induced topographies and the
control areas. When viewing the three surfaces by SEM, it was observed that the
untreated and microprotrusions surfaces appeared rougher with a "serrated"
relief, while the bottom of the microchannels was smoother. The contact of
bacterial cells with a smoother surface means that there is less contact surface to
which a stable attachment can be established. The literature shows that
hydrophobic surfaces with energies between 20 and 30 mN/m have a negative
effect on bacterial adhesion. [16]. Laser-structured surfaces showed SFE values
close to this range, which could affect the adhesion of bacterial cells.
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Figure 20. Morphological characteristics of S. aureus 6 and 48 hours after inoculation on
untreated and laser-treated polymer matrices. (a-c) control zone; (d-f) surface with
microchannels (F= 0.08 J/cm?; N= 10); (g-i) surface with micro-protrusions (F= 0.08 J/cm?;
N=2).

Studies conducted with E. coli showed a high degree of colonization of the
control and treated surfaces over a period of 48 hours (Figure 21). Images taken
at 24 and 48 hours revealed a significant increase in cell proliferation, with dense
colonization observed on all three types of surfaces and the synthesis of
extracellular matrix. The cells on the control surfaces formed a partial biofilm at
the twenty-fourth hour, which had grown into a dense layer by the end of the
experiment. Despite the large increase in bacteria, no biofilm formation was
observed on the laser-structured samples, only synthesis of the extracellular
matrix. At the forty-eighth hour, areas with higher matrix density were observed
in the bacteria on the micro-protrusions, but not in the microchannels, where
individual cells could be clearly distinguished from each other (Figure 21h).
These results may lead to the conclusion that this type of surface structuring
changes the physicochemical properties of polymer surfaces and affects their
interaction with bacterial cells.
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Figure 21. Morphological features of E. coli 6, 24, and 48 hours after seeding on untreated and
laser-treated polymer matrices. (a—d) control zone; (e—h) surface with microchannels (F = 0.08
J/em?; N= 10); (i-1) surface with microprotrusions (F= 0.08 J/cm?; N= 2).

6. Creation of antimicrobial surfaces on ceramic samples through laser-
induced modification

6.1. Changing the surface morphology of ceramic samples using
femtosecond laser radiation

The surface and internal morphology of the samples prior to laser treatment
was examined using SEM, capturing the internal macropores of the matrix
formed after the melting of polymethyl methacrylate (Figure 22). The dense outer
shell would provide mechanical stability to the matrix during the initial stages of
tissue regeneration, while the internal porous environment would stimulate tissue
maturation and completion of the overall process [17].

TM4000 15kV x100 BSE L

Figure 22. Presentation of the internal porous phase of ceramic matrices after thermal removal
of polymethyl methacrylate.

The effects of femtosecond laser radiation on the samples were monitored
by applying radiation with different energies and distances between two adjacent
laser-induced interaction zones. The distance between two adjacent motifs varied

between 60 and 35 um (Figures 23 and 24). At the higher distance, parallel
microchannels with clear outlines were created (Figure 24b), regardless of the
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radiation energy, while at dx=35 pm, homogeneous surfaces were formed
(Figures 24d-f). A change in local surface porosity was observed due to the
formation of microcavities as a result of the ejection and recomposition of the
ablated material. None of the selected laser processing parameters resulted in side
thermal effects that would cause unwanted damage to the surface.

Figure 23. Surface structuring of ceramic matrices by femtosecond laser irradiation with
varying operating parameters. (a-c) F= 50.9 J/cm?; v= 5.16 mm/s; dx= 60 pm; (d-f) F= 30.6
J/em?; v=5.16 mm/s; dx= 60 pm.
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Figure 24. Surface étructuring of céramic matrices by femtosecond laser irradiation with
varying operating parameters. (a-c) F= 24.4 J/cm?; v= 7.6 mm/s; dx= 60 pm; (d-f) F= 20.3
J/em?; v=3.44 mm/s; dx= 35 um.

Figure 25 shows three-dimensional colored profiles of a control and laser-
treated surface. The surface roughness (Sa) values in the microchannels
themselves were significantly higher than those describing the control surface,
1.85um and 0.63 pum, respectively. The increase in roughness is mainly due to the
recomposed material on the surface in the areas of laser irradiation.
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Figure 25. Three-dimensional profiles of control and laser-structured ceramic matrices. (a)
control zone; (b) zone with parallel microchannels (F= 24.4 J/cm?; v= 7.6 mm/s; dx= 60 pum).

6.2. Analysis of the chemical structure of tricalcium phosphate and
hydroxyapatite after femtosecond laser structuring by X-ray
crystallography and Raman spectroscopy

Crystallographic analyses were performed on samples treated with F=24.4
J/em? and v=7.66 mm/s, which were used on the samples for the microbiological
experiments. The main peaks corresponding to tricalcium phosphate and
hydroxyapatite were identified using the software and literature references
(Figure 26) [18]. The results of the analyses did not show any significant changes
between the control and laser-treated samples, as the [ phase of tricalcium
phosphate was preserved. Differences were observed in the 30°-35° range, where
the peak corresponding to tricalcium phosphate (32.4°) was more pronounced
than the peaks of hydroxyapatite (31.7° and 32.9°) after laser treatment. Laser
treatment led to the appearance of a peak at 13.5°, which is specific to [-
tricalcium phosphate. Quantitative phase analysis using the Rietveld method
showed an increase in the amount of f -tricalcium phosphate from 79.2% in the
untreated surfaces to 97.8% in the laser-treated ones, while the analyzed amount
of hydroxyapatite decreased after laser treatment from 20.8% to 2.2%. Since the
femtosecond laser pulse is extremely high-energy and, upon interaction with
matter, the light energy is converted into heat, this leads to a sharp increase in the
local temperature for a very short period of time (femtoseconds). This would
affect the structure of tricalcium phosphate, increasing its degree of crystallinity.
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Figure 26. Crystallographic analysis of tricalcium phosphate and hydroxyapatite matrices
before and after femtosecond laser treatment (a.u. — arbitrary units).

Raman spectroscopy analyses monitoring the effects of femtosecond laser
scanning with different energy and scanning velocity on the structure of ceramic
samples showed no significant changes in the shape and positions of the material-
specific peaks. A literature review shows that when the material was heated to a
temperature of 1400°C, Raman spectroscopy showed an increase in the intensity
of the peaks at positions 406, 441, 548, 612, 949, and 969 cm™!, as reported in
Figure 27 [19].
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Figure 27. Raman spectroscopy of ceramic matrices after femtosecond laser structuring with
ascending radiation parameters (a.u. — arbitrary units).

6.3. Characterization of ZnO nanolayer deposited on laser-treated and
untreated ceramic surfaces

The identification of the deposited by pulsed laser deposition ZnO nanolayer
on control and laser-treated samples was performed by X-ray photoelectron
spectroscopy. A wide range of spectra in the range 0 eV — 1100 eV was obtained,
identifying all elements present in the samples — Ca, P, Zn, O, C with their
characteristic photoelectron lines (Figure 28). A detailed analysis of zinc
identified the main lines Zn2p3» and Zn2pi» at 1021.9 eV and 1044.97 eV, as
well as a spin-orbital splitting of 23 eV (Figure 29). The positions of the identified
peaks, their width, and the distance between them confirmed that the oxidation
state of the zinc atoms is +2 (Zn*"). The determination of the Auger parameter,
which helps to identify the chemical bond of a given element, also confirmed the
stated degree of oxidation, as its value was 2009.3 eV, corresponding to Zn**. The
results obtained correspond to studies obtained by photoelectron spectroscopy on
ZnO from the literature. [20], [21]. Taking into account all the results from X-ray
photoelectron spectroscopy, it can be confirmed that the applied methodology
successfully led to the formation of a ZnO layer on the ceramic samples.
Ellipsometric analysis of a silicon substrate on which a nanolayer was deposited
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under the same operating parameters showed a layer thickness of approximately
10 nm.

100,000 zn2p
20,000 - ots

Zn LMM, ‘ J\/\
60,000 o ZnLmm,

r ok |V
c1 e f
40,000 o cazp s Z"‘-“Mn\l’d‘f A\\\_J'\/‘

WJ
Cazp Cazs |V
20,000 o [ 02s Zn3p f P

3
s | P2p py |~ o
gl ! [cass \___A S A control surface
= —
7]
c
£ 100,000
E 01s

80,000 -

Zn2p
60,000
ZolMMa | o OKLL

©000  casp ZoLam |

Ca2p

lo2s  P2p Ci1s Ca'—‘ﬁh}}u
20,000 o | / | A
[ fease) ™y 52 J F=24.4 Jicm?; v=7.6 mm/s
0

T T T T T

T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100
Binding Energy (eV)

Figure 28. Spectra of elements present in tricalcium phosphate and hydroxyapatite matrices
with a deposited zinc oxide nanolayer, obtained by photoelectron spectroscopy. (upper panel)
control area; (lower panel) laser-treated zone (F= 24.4 J/cm?; v= 7.6 mm/s).
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Figure 29. Identification of a zinc oxide nanolayer by photoelectron spectroscopy on untreated
and laser-treated ceramic matrices (F= 24.4 J/cm?; v= 7.6 mm/s).

Photoelectron spectroscopy also revealed that the amount of calcium and
phosphorus was higher in the microchannel surfaces compared to the control
areas, but the opposite result was observed for zinc, whose percentages were
almost three times higher in the control surface. This difference can be explained
by the fact that the control surface is flat and smoother compared to the modified
one, thus making it possible to detect a stronger signal of the deposited zinc. The
increased amount of calcium and phosphorus detected is due to the larger area
resulting from laser treatment and the recomposition of the treated material at the
local level.
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6.4. Antimicrobial effect of functionalized ceramic surfaces on S.
aureus

Morphological evaluation of the bacteria attached to the surface was
performed using scanning electron microscopy (SEM) and helium ion
microscopy (HIM) (Figures 30—-32). Cell morphology and distribution three hours
after seeding, are shown in Figure 30, which shows a control surface without (a—
d) and with (e-h) a ZnO nanolayer, as well as in Figure 31, which shows laser-
treated surfaces with (a—d) and without (e—h) a ZnO nanolayer. Figure 32 shows
the bacteria attached to the surface of control and laser-structured samples six
hours after the start of the experiment. SEM analysis led to the conclusion that
bacterial colonies on surfaces with a ZnO nanolayer are fewer in number
compared to other types of surfaces (Figures 30 and 31). A more detailed
comparison of colony behavior and cell morphology between surface types using
SEM revealed differences related to the presence of zinc oxide and laser-induced
topographical patterns. Bacterial colonies on samples without zinc oxide
consisted mainly of a smaller number of individual cells surrounded by a layer of
extracellular substance (Figures 30d, 31h, 32d, I). In samples with deposited zinc
oxide, the bacterial outer membrane was rougher and more uneven, and a larger
amount of extracellular material was observed around the cells themselves
(Figures 30h, 31d, 32h). Bacteria attached to surfaces without zinc oxide showed
a round and smooth outer shell with clearly defined contours (Figures 32d, 1),
while those attached to functionalized surfaces showed an abnormal rounded
membrane with bulges, which may be a sign of intracellular material leakage
(Figure 32h). Similar results have been seen by several groups, who report that
incubation of bacteria with zinc oxide nanoparticles caused disruption of the
bacterial membrane and disruption of cell integrity [22], [23], [24].

Figure 30. Morphological features of S. aureus adhering to ceramic surfaces without laser
treatment, 3 hours after inoculation; (a-d) images of bacteria on an untreated surface without
Zn0O, obtained by SEM (a-c) and HIM (d); (e-h) images of bacteria on an untreated surface
with ZnO, obtained by SEM (e-g) and HIM (h).
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Figure 31. Morphological features of S. aureus attached to ceramic surfaces treated with laser
(F=24.4 J/cm?; v= 7.6 mm/s) 3 hours after inoculation; (a-d) images of bacteria on a modified
surface with ZnO, obtained by SEM (a-c) and HIM (d); (e-h) images of bacteria on a modified
surface without ZnO, obtained by SEM (e-g) and HIM (h).

Figure 32. Morphological features of S. aureus attached to ceramic surfaces (F=24.4 J/cm?;
v="7.6 mm/s) 6 hours after inoculation; (a-d) images of bacteria on an untreated surface w1thout
Zn0, obtained by SEM (a-c) and HIM (d); (e-h) images of bacteria on a modified surface with
Zn0O, obtained by SEM (e-g) and HIM (h); (i-1) images of bacteria on a modified surface
without ZnO, obtained by SEM (i-k) and HIM (1).

Additional experiments were conducted on the metabolic activity of
planktonic and sessile bacteria after 6 hours of seeding on control and laser-
treated surfaces with and without a zinc oxide nanolayer. The results of
monitoring the sessile bacterial population clearly showed a decrease in
metabolic activity in bacteria attached to surfaces with a zinc oxide nanolayer at
both time points (3rd and 6th hour) (Figure 33). At the sixth hour of the
experiment, bacterial activity was reduced in both types of samples compared to
the results from the third hour. These observations, together with the
morphological analyses, would lead to the conclusion that laser-induced
microstructures independently have a negative effect on the development of
bacterial cells. The deposition of a zinc oxide nanolayer significantly enhances
this effect, leading to visible damage to the microorganisms.
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Figure 33. Metabolic activity of the S. aureus population on functionalized ceramic matrices.
* Indicator of statistical significance between samples with a deposited ZnO nanolayer (p=
0.05). ** Indicator of statistical significance between the two study moments — the third and
sixth hour after inoculation.

The overall results for the planktonic bacterial population showed a surge in
activity from the third to the sixth hour of the experiment in all samples (control,
laser-structured with a zinc oxide nanolayer, and laser-structured without a
nanolayer) (Figure 34). However, bacteria freely floating around the zinc oxide
surface showed significantly lower metabolic activity at the sixth hour (signal
intensity about 3 times lower compared to the other two surfaces). Given the
antibacterial properties of zinc, these observations would lead to the conclusion
that there are zinc particles in the incubation medium that affect the growth and
viability of bacterial cells. The difference in the signal measured between the
samples at the sixth hour was statistically significant. The findings in Figure 34
confirmed the observations to date that the zinc oxide nanolayer has a negative
effect on the development of S. aureus. Tracking the metabolic activity of sessile
and planktonic bacterial populations, along with their morphology, showed that
the combination of surface structuring and additional functionalization through
the deposition of a zinc oxide nanolayer has an antimicrobial effect against S.
aureus.
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Figure 34. Metabolic activity of the plankton population S. aureus on functionalized ceramic
matrices. * Indicator of statistical significance between the samples analyzed at the sixth hour
after inoculation (p= 0.05).

VIII. Conclusion

This strategy was based on the development of antimicrobial micro- and
nanostructures on the surface of polymer and ceramic biomaterials that prevent
bacterial colonization and subsequent biofilm formation while stimulating bone
cell attachment. Femtosecond laser radiation was used to create such structures,
allowing precise surface modeling without compromising its integrity. The
materials selected for surface structuring were polycaprolactone and tricalcium
phosphate/hydroxyapatite due to their chemical and mechanical properties as
potential substitutes for standard bone implants.

To achieve the objectives of the study, the following primary tasks were set:
creation of polymer, ceramic, and composite (polymer-ceramic) materials
suitable for bone tissue regeneration; formation of surface three-dimensional
structures using femtosecond laser radiation; monitoring the cellular and bacterial
response to laser-induced surfaces. The work was divided into two parts, which
focused on two types of material — polycaprolactone and tricalcium
phosphate/hydroxyapatite. The two parts followed a similar structure in terms of
the tasks set — synthesis of cell matrices, surface treatment with a femtosecond
laser, investigation of the effects of laser structuring on the material, and
conducting in vitro experiments.

The first part examined the synthesis of polymer matrices with several types
of geometry, as well as those made of two materials — polycaprolactone and
tricalcium phosphate. The purpose of creating composite matrices was to
establish a protocol for their optimal production through 3D printing, as well as
to track the impact of femtosecond laser radiation on their structure. The surface
of all matrices was treated with two types of working parameters of femtosecond
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laser radiation, which led to the carving of material (microchannels) or to its
elevation and solidification (microprotrusions). Microscopic analyses of the
structures allowed for an assessment of their morphology and how it changes in
relation to the chemical composition of the material and the parameters of the
laser radiation. It was also found that the topographical patterns formed were
constructed without unwanted structural disturbances on the surface of the
material in the areas around the ablation site. This demonstrated the precision of
femtosecond laser processing. Spectroscopic and crystallographic methods were
implemented to track whether the interaction of the laser pulse with the polymer
material would cause changes in the chemical structure of the elements. The
results of the studies showed and confirmed that surface modification does not
lead to structural changes and thus does not compromise the chemical properties
of the material. The degree of wetting of the polymer matrices before and after
laser treatment was also compared. By measuring the contact angle of wetting, it
was found that laser-induced microchannels improve surface wetting, reducing
the hydrophobicity of polycaprolactone. The ultimate goal of the dissertation for
each of the two materials was to achieve antimicrobial properties through surface
structuring, while at the same time these structures facilitate the attachment and
proliferation of bone cells. In vitro experiments with human bone cells
demonstrated how laser-induced microchannels facilitated not only their
attachment but also cell orientation. A key observation in this case was the cellular
expression of markers specific to bone cells, which led to the conclusion that
microchannels improve cell differentiation. The same type of topographical
patterns showed an inhibitory effect on the development of S. aureus, as a
disruption in the integrity of the outer membrane of individual bacterial cells was
observed. Furthermore, there were no signs of bacterial biofilm formation.
Considering the results obtained for the laser-treated polycaprolactone matrices,
it can be confirmed that the applied methodology successfully achieved the set
objective.

The second part of the work focused on the creation of three-dimensional
ceramic matrices from tricalcium phosphate and hydroxyapatite with controlled
porosity and their subsequent processing with a femtosecond laser. The matrices
were manufactured according to established protocols, and their design was
specifically chosen to resemble the architecture of natural bone tissue—an
internal porous core surrounded by a dense shell. The outer dense phase of the
matrix was subjected to femtosecond laser structuring, again forming parallel
microchannels with dimensions varying according to the applied working
parameters of the laser radiation. As with polymer matrices, there were no side
thermal disturbances on the surface. Spectroscopic and crystallographic methods
again confirmed that surface structuring was not accompanied by a change in the
chemical phase of the elements. Due to the lack of inherent antimicrobial
properties of tricalcium phosphate and hydroxyapatite, additional surface
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functionalization was performed by depositing a nanolayer of zinc oxide. After
conducting microbiological tests with S. aureus, it was observed that the
nanolayer had a strong effect on the bacteria. Microscopic observations revealed
disrupted cell morphology with potential loss of intracellular material. This was
complemented by reduced metabolic activity of the bacterial cells after contact
with zinc oxide.

In conclusion, based on the results described in the dissertation, the proposed
experimental approach led to the achievement of the set goals. It has been proven
that femtosecond laser structuring can be an effective method for improving the
application of innovative implants for bone tissue regeneration.

IX. Main contributions of the dissertation

1. It has been established that precise optimization of the parameters of
femtosecond laser radiation (energy, raster scanning speed, number of pulses,
distance between laser-induced zones) leads to the realization of two
morphologically different localized surface motifs—microchannels and
microprotrusions—on biocompatible polymer and ceramic matrices without
disrupting their structural and chemical integrity.

2. Innovative composite biodegradable matrices made of polycaprolactone
and hydroxyapatite have been created through 3D printing with a function to
support bone regeneration. A hybrid structure has been implemented, designed to
improve the mechanical stability required for integration into bone tissue.
Optimal conditions for femtosecond laser structuring have been established,
leading to the formation of precise and reproducible topographical models. It has
been proven that the effect of laser treatment on the surface does not affect the
chemical structure.

3. It has been confirmed that femtosecond laser structuring induces
morphological patterns on the surface of materials, including a significant
increase and control of local roughness, as well as an increase in the surface
wettability of polymer matrices. Improved cell adhesion leading to successful
osseointegration has been demonstrated.

4. It has been established that laser-induced microstructures in the form of
parallel microchannels significantly improve the adhesion, orientation, and
differentiation of human bone cells in vitro. At the same time, suppressed
proliferation of Gram-positive bacteria and severe morphological damage
indicative of an antibacterial effect have been observed.

5. It has been demonstrated that through double laser functionalization —
combining femtosecond microstructuring and pulsed laser deposition of ZnO
nanolayer — can create ceramic surfaces with controlled roughness and has been
found to have an antimicrobial effect against Gram-positive bacterial strains.
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6. It has been experimentally proven that non-contact processing with ultra-
short laser pulses is a reliable method for surface structuring of polymer, ceramic,
and composite biomaterials, leading to the creation of localized topographical
patterns without changing the chemical structure. It has been confirmed that the
locally structured topography plays a key role in the interaction with cells and
microorganisms, promotes osseointegration, and reduces the risk of bacterial
infection.
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