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Relevance of the dissertation topic  
Earth's population is ageing every year. According to World Population Prospects: Revision 
2022 [1], by 2050, 18% of the world's population will be over the age of 65. As a result, 
fractures and pathologies of the musculoskeletal system - bone injuries as well as muscle tears 
- are emerging as one of the major problems facing modern medicine. Tissue engineering is a 
branch of biotechnological sciences that deals with the creation, regeneration and improvement 
of the function of biological tissues. The aim of matrix engineering is to create a biomimetic 
environment that promotes cell adhesion, differentiation and proliferation. In this way, cells 
can reorganize into the construction of new three-dimensional tissue. In the process of tissue 
regeneration, the matrix itself is degraded, gradually leaving behind only the new tissue. There 
are various (chemical and physical) methods to structure such temporary implants  
(e.g., solvent casting, gas foaming, phase separation, etc.), but most of them lead to irreversible 
and/or in many cases cytotoxic changes in the composition of the scaffolds. Another major 
drawback with these methods is that the porosity of the matrices cannot be controllably 
determined with respect to their geometrical characteristics/parameters, such as pore size and 
pore connectivity, degree of porosity and hierarchical structuring. Artificial tissue growth 
requires the tissue matrix to have pores or cavities of defined size and localization that supply 
oxygen and nutrients so that cells can rapidly proliferate within the tissue matrix.  
The main focus of this PhD thesis is to optimize all these matrix features for the specific 
application (improved muscle and bone tissue modeling) using the innovative method of 
femtosecond surface laser patterning, taking into account that the "specific properties" of these 
biocompatible materials depend largely on the specific tissue, whose functions the artificially 
created matrix should perform. Laser processing with femtosecond (fs) laser pulses offers the 
possibility of non-contact, precisely-controlled surface structuring of 2D/3D biopolymer-based 
cellular matrices, providing hierarchical, interconnected porosity in the range of a few to about 
500µm, as well as nanometric structuring (under certain conditions). Laser functionalization is 
a non-thermal and precisely controlled technique for optimizing cellular matrices that does not 
alter the chemical composition of the processed material, while fine-tuning its topographical 
properties, such as wettability, charge, structuring and porosity, thus enabling precise 
optimization of cellular matrix properties, satisfying the requirements of the specific cell type 
used to colonize it. Femtosecond laser interaction with biological materials and tissues results 
in minimal side effects, such as micro-crack formation, minimal heat dissipation in the 
interaction zone, absence of melt material and reduced ablation thresholds, which is the reason 
for the tight control of biomaterial characteristics such as porosity, surface roughness, 
wettability, etc. In this method, the energy of highly focused femtosecond laser pulses is 
delivered to well-defined areas of the treated surface in a time scale much shorter than the time 
required for its thermal exchange. Thus, control of photoionization and thermal processes with 
high precision is achieved. Precisely controlled porosity, which is critical for normal cell 
function, can be achieved by fine control of the applied laser parameters. The creation of 
oriented structuring on the surface of the biomimetic matrix, on the other hand, allows for 
directed orientation of the seeded stem cells, tunning their natural physiology and creating the 
preconditions not only for cell adhesion and proliferation on the material, but also for 
subsequent differentiation of the cells into the required, regenerated muscle and/or bone tissue. 
The size, depth, and geometry of the created structures, as well as their hierarchical micro/nano 
porosity, can be very precisely adjusted by advanced femtosecond laser processing techniques 
that utilize high spatial resolution of 0.1-1μm and nearly unlimited three-dimensional 
patterning capability, enabling significant optimization of the properties of temporary cell 
implants by creating structurally specific geometric matrix designs that match the dimensions 
of muscle and bone cells. 
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Aim and objectives of the PhD thesis 
The main aim of the presented dissertation work is the preparation and design of porous 
polymer-based (silk fibroin, polylactic acid) cellular matrices by femtosecond laser-induced 
micro/nano hierarchical structuring for application in tissue engineering of muscle and bone 
tissues and for obtaining bio interfaces between the recipient's tissues and the foreign implant.  
In order to achieve this goal, the following tasks have been set: 

1. Synthesis of biopolymer thin films and 2D polymer matrices with specific applications 
in tissue engineering. 

2. Creation of micro- and nano-hierarchical structuring on innovative biomaterials with 
precisely controlled and reproducible surface characteristics, by experimental 
optimization of the applied operating parameters of femtosecond laser radiation (energy, 
number of pulses/scanning speed, distance between generated structures and overlapping 
frequency of individual modifications) affecting the characteristics of the investigated 
samples - porosity, morphological structuring, wettability, biodegradability, chemical 
and crystalline structure. 

3. Experimental evaluation of the morphology and topography of the proposed biopolymer 
models. Chemical, physical and mechanical characterization before and after 
femtosecond laser treatment. Investigation of the influence of laser modification on the 
samples under different operating parameters of laser radiation. Characterization, 
analysis and comparison of the experimental measurement results in order to optimize 
the cell response with respect to the created structures. 

4. Biological evaluation of the developed temporary cell models of bone and muscle tissue 
- investigation of cell morphology and distribution in terms of adhesion, orientation, 
proliferation, migration and differentiation; assessment of cytotoxicity and cell viability; 
fluorescence microscopic observations; investigation of cell metabolic activity on treated 
matrices compared to untreated biopolymer starting constructs. 

 
Structure and scope of the dissertation 
The PhD thesis consists of an Introduction, Literature Review (Chapter 1 and 2), Experimental 
Part (Chapter 3 and 4), Conclusion and Main Contributions. The dissertation includes 60 (more 
of which are multi-component) figures and 13 tables. The list of cited literature contains 485 
references. Also included is a list of publications on the topic of the dissertation, consisting of 
2 publications in scientific journals with impact factor and 1 publication in an international 
scientific journal, with SCImago Journal Rank. 
In the Introduction, the relevance of the topic is presented, which is also addressed in the aim 
and objectives of the dissertation. The main focus of this dissertation is also briefly stated. The 
Physiology of Bone and Muscle Tissue, basic materials for the fabrication of temporary cellular 
matrices for application in tissue engineering, and basic methods for creating porous matrices 
are discussed in the Literature Review. Special attention is given to femtosecond laser 
structuring of temporary biopolymer implants; the mechanisms of interaction of femtosecond 
laser radiation with biocompatible materials, and the basic processes occurring during this 
interaction are also explained. The experimental part of the thesis presents the conditions, 
methods and materials used, the results of the experiments, analysis and evaluation of the results 
obtained. In the Conclusion, the main and significant results of the experiments carried out and 
of the analysis of the experimental data are systematized. 
 

LITERATURE REVIEW - Chapters 1 and 2 
Chapter 1 provides a basic overview of the physiology of bone and muscle tissue as part of 
the musculoskeletal system in the human body. The main focus is on their regeneration as a 
result of trauma, disease and aging, as well as on the main groups of biocompatible materials 
used in tissue engineering as an alternative method of repairing injured tissues. Special 
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attention is also given to Poly(lactic acid) PLA and silk fibroin SF, a synthetic and natural 
biopolymer, which are selected in this PhD thesis as the main materials for the fabrication of 
temporary cellular micro/nanostructured matrices for application in tissue engineering of bone 
and muscle tissue, respectively. This chapter also describes the main methods for creating 
porous matrices - their features, advantages and disadvantages. Chapter 2 introduses a basic 
overview of the mechanisms of interaction of femtosecond laser radiation with biocompatible 
materials, as well as the main processes occurring during this interaction and leading to highly 
controlled ablation for the purpose of surface hierarchical structuring of the biocompatible 
polymers used in this PhD thesis. A comparison with the nanosecond laser material interaction 
regime is also made. Particular attention is paid to femtosecond laser micro/nano-structuring 
for biomedical applications in order to improve cell adhesion, orientation and differentiation. 
The mechanism of cell-substrate interaction is described, as well as the importance and 
influence of the shape and size of different geometrically defined laser-generated structures, 
both for the preparation of repellent and anti-adhesive structures for medical implants and 
antibacterial surfaces, and for the creation of cell-interactive/adhesive implant surfaces. 

 
EXPERIMENTAL PART - Chapters 3 and 4 
The second part of the dissertation begins with the aim and the main tasks for achieving it. 
Chapter 3 also describes the starting materials that were used to create the temporary cell 
scaffolds, as well as the methodology of obtaining them in the form of 2D matrices (micrometer 
plates or thin films). Special attention is paid to the femtosecond laser setup used for 
hierarchical surface structuring of the created cell "implants". The main methods used for 
qualitative and quantitative morphological and chemical characterization of the studied 
samples are also presented. Chapter 4 of the thesis describes and discusses the main original 
results of the analyses and investigations carried out on femtosecond surface "functionalized" 
biopolymer 2D cell matrices in the form of 2D PLA plates and fibroin thin films. In order to 
optimize the most suitable laser surface modification operating parameters, the structure, 
porosity, cell matrix roughness, wettability, chemical composition and mechanical properties 
of the matrices were characterized before and after laser processing. A comparison was made 
between laser micro/nanostructured and untreated polymer samples in all analyses performed. 
The chapter consists of two main sections focusing on the development of a 2D temporary 
cellular matrix based on polylactic acid and silk fibroin, for application in tissue engineering 
of bone and muscle tissue, respectively. 
 

Ti: Sapphire femtosecond laser system (Quantronix- Integra-C) 
As a result of the joint work of the IE’ and Faculty of Physics-SU’ teams, the experimental setup 
of the femtosecond laser system - Ti:Sapphire Quantronix- Integra-C (Hamden, CT, USA), 
fundamental wavelength ƛ=800nm, and laser pulse duration τ=150fs, was prepared and 
optimized. The Integra-C system is typically set to operate at a repetition rate of ʋ=1kHz. The 
operating repetition rate can be varied up to ʋ=3 kHz. A schematic representation of the 
experimental setup is given in the figure below: 
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Figure 1 Schematic representation of the femtosecond experimental setup Ti: Sapphire Quantronix- Integra-C; bottom 
left: principle of the CPA technique; right - Schematic of surface laser processing by raster scanning of the laser beam 
on the biomaterial surface in the XY direction at well-defined intervals between the generated laser structures - along 
both the X-dx and Y-dy axes (adapted from [2]). 

The laser beam with TEM00 Gaussian profile is focused by a double convex bichromate lens with 
focal length of f=10cm on the specimen surface (Figure 1). The system allows operation in both 
single pulse and continuous modes. In order to optimize the process, the laser parameters and their 
variation limits (energy, frequency, scanning speed, number of pulses) have been predefined. The 
positioning of the biopolymer samples on the XYZ motorized translation stage - perpendicular to 
the laser beam - was also optimized. All experiments were performed in an air environment by 
raster scanning (Figure 1, right) the laser beam on the biomaterial surface (in the XY direction) 
through well-defined spacing intervals between the generated laser structures (both along the X-dx 
and Y-dy axes) to optimize the surface texturing of the treated samples. All modifications of both 
the PLA plates and the fibroin thin films performed by the Integra-C laser system are precisely 
controlled by the LabView software system. Different types of experimental setups have been 
prepared to create different surface modifications, and a model scheme has been built to perform 
the experiment - laser processing of biomaterial matrices of different size, volume, composition, 
consistency and shape.  
In the process, all biocompatible samples were examined before and after laser texturing to analyze 
the change of their mechanical, physical and chemical characteristics. Preliminary tests - surface 
modification by femtosecond laser irradiation - were performed on all types of synthesized samples 
to initially evaluate the impact of the applied laser radiation on both types of polymers, in the form 
of 2D plates (PLA) and thin films (SF), in order to subsequently optimize the applied laser 
parameters according to the specific features of each type of synthesized cell matrix. A set of 
experiments has been carried out- testing the effect of femtosecond radiation with variation over a 
wide range of applied laser parameters - energy, number of pulses, scan rate, according to the 
applied pulsed/continuous mode of operation. As a result of extensive laboratory work on the test 
specimens, a range of variation of the applied laser parameters has been optimized for subsequent 
treatment of the cell matrices. 
 
Fabrication of initial 2D temporary constructs based on biopolymers. 
After a thorough literature investigation (partially presented in the literature review of the PhD 
thesis) of the structure of bone and muscle tissue, as well as the main groups of biopolymers used 
in their regeneration, and based on the long experience of the working group in the field, the 
following were selected as the most optimal starting materials for the preparation of temporary cell 
matrices: 

1. Synthetic biopolymer PLA (polylactic acid) - for the development of a temporary cell 
matrix for application in tissue engineering of bone tissue and biointerfaces between the recipient's 
tissues and the foreign bone implant (temporary or permanent). PLA is a biocompatible and 
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biodegradable polyester of lactic acid; non-toxic to the recipient as it degrades to natural by-
products and is approved by the US Food and Drug Administration (FDA) for direct contact with 
biological fluids [3]. This synthetic polymer is mechanically very stable, making it well suited as a 
base material for bone grafts [4]. Polylactic acid readily interacts with bone cells and as such the 
biomaterial can be used not only as a starting material for the construction of a bone matrix [5], but 
also as a substrate of a contact surface between native bone and a permanent construct external to 
the recipient (e.g.: titanium implant) [6]. 

2. Natural biopolymer SF (silk fibroin) - for the development of a temporary cellular 
matrix for application in muscle tissue engineering, characterized by unique mechanical properties, 
elasticity, strength, tensile and torsional resistance; controlled biodegradability, and high 
biocompatibility [7]. The most used for medical applications, including muscle tissue regeneration, 
is SF extracted from the cocoons of the silk moth (Bombyx mori) [8]. It is a fibrous protein 
exhibiting a highly-retreated amino acid motif composed of the following ordered amino acid 
monomers (Gly-Ser-Gly-Ala-Gly-Ala)n , which are the molecular basis for its high durability and 
strength [9]. Detailed information on the bio-applications of SF is given in the comprehensive 
works of Thurber et al. [10] and Holland et al. [11].  
 
2D matrices based on PLA 
Two-dimensional constructions of synthetic polymer PLA, with a thickness of ~ 230µm are 
prepared by compression molding, using a Carver 4122 12-12H Manual Heated Press. PLA 4060D 
in the form of amorphous compound (Nature Works, Nebraska, USA) was used for their 
preparation. Initially, the biopolymer pellets were vacuum dried overnight at 60°C (Tg PLA = 60°C), 
then placed in the compression mold (0.5 mm square). The procedure used for compression 
molding consists of the following steps: placing the mold with the starting material for 3 minutes 
at 180°C to melt, several degassing cycles to remove any residual air in the material and 2 minutes 
at a pressure of 12 bar. The PLA plates are then cut into 1×1 cm squares for further laser processing.  
 
2D matrices based on SF 
In order to extract and purify fibroin from the silk filaments of the silkworm Bombyx mori cocoons, 
already established protocols for silk fibroin extraction and purification were used [12], which were 
further modified after a series of experiments to obtain an optimal "medium" mimicking the 
extracellular matrix of muscle cells. Briefly, the optimized fibroin extraction procedure involves 
the following steps: silk fibroin (SF) is extracted and purified from Bombyx mori cocoons (Institute 
of Bombyx, Vratsa, Bulgaria). Production of silk fibroin (approximately 7-9% in dH2O) consists 
of degumming with sodium carbonate and lithium bromide (Sigma-Aldrich®, Munich, Germany). 
The procedure involves three main steps: first, preparation of silk cocoons by removing the 
molecule from the cocoon and peeling off the inner layer. Second - degumming by boiling the 
cocoon material in 0.02M Na2CO3 (Valerus, Bulgaria), washing and drying the resulting 
degummed silk. This step is crucial for the removal of the protein sericin (protects the fibroin in 
silk fibers) as it is toxic to cells. Finally, dissolve the sericin-free silk in a 9.3M LiBr solution for 3 
hours at 60o C. The dissolved silk was then dialyzed against water for 48 hours (water changed at 
2, 4, 6, 14, 24 and 48 hour) and centrifuged for 10 minutes at 4618 x g (Figure 2). 
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Figure 2 Schematic representation of the basic steps for silk fibroin extraction. 

The resulting SF (7.26% w/v) solution was used to prepare both 2D thin films (2x2 cm, 110 µm 
thick) by applying 700 µl of the resulting solution to slides and removing the prepared thin film 
samples after drying, and 3D hydrogel after subsequent ultrasonic treatment or stimulation of an 
enzymatic reaction to induce the gelling process. The prepared 2D thin layers are directly 
subjected to subsequent laser structuring, while the 3D fibroin hydrogel is further lyophilized in 
liquid nitrogen, allowing the subsequent laser treatment to take place in an air rather than in a 
liquid environment. 
 
Methods used for qualitative and quantitative morphological and chemical 
characterization of the laser-textured temporal cell matrices. 
The cell matrices should possess high porosity, mimicking natural body tissue, adequate pore 
sizes and a network of interconnected pores. For example, bone substitutes should be composed 
of more than 60% pores with a size ranging between 150 and 500μm and about 20% with a 
diameter of less than 20μm. In order to select the most appropriate laser functionalization 
parameters leading to the induction of the optimal porosity of the matrix, a very important step 
is to control the morphological, physical, mechanical and chemical properties and to obtain 
feedback that will be in correlation with the femtosecond processing. The structure, chemical 
composition, porosity, surface roughness of the cell matrix, wettability and mechanical 
properties of the matrix, at nano, micro and macro scale, were characterized before and after 
laser processing. A comparison was made between laser microstructured and untreated polymer 
samples in all analyses performed. The methods used are briefly described in this section. 

- Sample thickness measurement - A VA 8042 coating thickness meter (Shenzhen, China) 
was used to determine the thickness of the biopolymer samples, before and after laser 
treatment; each value presented (in µm) was averaged over 10 separate measurements. 

- Surface roughness measurement - 2D and 3D roughness analyses were performed using 
a 3D optical profiler, Zeta-20 (Zeta Instruments, KLA, Milpitas, CA, USA), to evaluate 
the surface topography of the PLA and SF samples before and after femtosecond laser 
treatment. This is a fully integrated microscope (with magnification from 5 to 100 times) 
that provides 3D images while scanning a sample in a defined vertical range. The Zeta 
Optics module of the profilometer records the XY location and exact Z height at each 
scanned Z position (vertical (Z) resolution < 1 nm). As a result, real 3D and 2D color 
composite images are created and the roughness parameters Ra (linear roughness - the 
average of the deviations of the surface height from the mean line, according to DIN4776 
standards) and Sa (surface roughness - the extrapolation of Ra with respect to the entire 
surface under examination) are measured. Each value for Ra and Sa was averaged over 
5 roughness measurements on each femtosecond-treated and control surface area of the 
respective specimen. For better visualization and data processing, the free software 
system ProfilmOnline was additionally used (https://www.profilmonline.comcom). 

https://www.profilmonline.com/


8 
 

- Wettability assessment - Two different setups were used for this purpose as follows: 1. 
Water drop contact angle (WCA) measurements were performed in an air environment 
with a 1 µL drop of distilled water on control and laser modified sample surfaces for a 
time period of 0.5-7s. Samples were positioned on an XYZ horizontal translation stage. 
Measurements were performed according to the goniometric contact angle method - the 
droplet was deposited from a micropipette fixed above the sample (Dlab, Beijing, China, 
ISO9001/13485 certified and volume 0.1-10 µL). The process was captured by a high-
resolution camera (Huawei P40 pro camera with additional macro lens - Huawei 
Investment & Holding Co., Ltd., Shenzhen, China). For WCA evaluation, the acquired 
images were analyzed by ImageJ software equipped with a contact angle measurement 
plug-in. The measurements were performed independently in two directions, along and 
perpendicular to the laser-generated channels with respect to the control surface for a 
period of 7s. Each presented WCA value was averaged over 10 individual measurements; 
2. Wettability measurements and surface free energy estimation were performed in an air 
environment using a video-based optical contact angle measurement device DSA100 
Drop Shape Analyzer (KRÜSS GmbH, Hamburg, Germany). Two different solutions 
were used for this purpose: dH2O and diiodomethane (DM) in an average volume of 2 
µL over a period of 3 min. The contact angles of the two liquids and the surface free 
energy were calculated from the ADVANCE software system (KRÜSS GmbH, 
Hamburg, Germany) by fitting the droplet profiles to the Young-Laplace equation and 
following the Owens-Wendt-Rable-Kaeble (OWRK) equation, respectively.  

- Scanning electron microscopy and elemental analysis (SEM-EDX analysis) - surface 
morphology and elemental composition before and after femtosecond laser treatment 
were analyzed by a Hitachi SU8020 scanning electron microscope (SEM) (Hitachi High-
Technologies Corporation, Tokyo, Japan) equipped with a field emission electron gun, 
SE (UL) detector, and elemental analysis module. The samples were coated with ∼20 nm 
gold/carbon (Au/C) layer by electron sputtering in vacuum, and several SEM images of 
each modification studied were captured at different magnifications (100x-5000x). 
Energy-dispersive X-ray analysis (EDX) was also performed - the corresponding 
elemental composition of the studied zone was determined in weigh [wt.%] or atomic 
[at.%] percentages. 

- Atomic force microscopy (AFM). For this purpose, a MultiMode V atomic force 
microscope (Veeco Instruments Inc., New York, NY, USA) and a NanoScope V 
controller (Bruker Ltd., Berlin, Germany) were used in dynamic mode of operation. 2D, 
3D and phase AFM images were acquired over a 15x15 µm2 and 5x5 µm2 area using a 
Tap300Al-G (BudgetSensors, Switzerland) silicon AFM probe. 

- Fourier transform infrared spectroscopy (FTIR) - A Fourier transform infrared 
spectrophotometer (IR Affinity-1, Shimadzu, Kyoto, Japan), with a resolution of 4 cm−1 
and an operating range of 4500-500cm−1, was used to obtain transmission IR spectra [%] 
of femtosecond laser-treated 2D biopolymer samples to evaluate possible changes in 
chemical bonds after laser treatment. Each measurement was correlated against a scanned 
spectrum of a control sample. 

- MicroRaman spectroscopy (MicroRaman) - a microRaman spectrometer (LabRAM HR 
Visible, HORIBA Jobin Yvon, Kyoto, Japan) operating with He-Ne laser (633 nm) and 
equipped with Olympus BX41 microscope was used to obtain microRaman profile of the 
samples (exposure time - 10 - 20s, magnification - 50x - 100x). 

- X-ray structural analysis (XPS) - AXIS Supra electron spectrometer (Kratos Analytical 
Ltd., Manchester, UK) was used for XPS X-ray photoelectron spectroscopy of control 
and laser-treated cell matrices. Detailed high-resolution spectra of C1s and O1s (%) were 
taken to identify the elemental composition and chemical state of the laser-treated 
samples relative to their control surface. 
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- X-ray crystallographic analysis (XRD) - In order to identify the crystalline phase of the 
biopolymer matrices, X-ray crystallographic analysis was performed in the range of 5-
70оθ2 (step size of 0.065оθ2, in continuous scan mode and count time of 195s) using a 
Philips PW1050 X-Ray (XRD) system (Philips, Amsterdam, The Netherlands) equipped 
with a secondary diffraction beam monochromator and a copper anode. Phase 
identification was obtained using QualX2 software through the Crystallography Open 
Database. 

- In vitro degradation assay - A selected group of laser-modified as well as control samples 
were subjected to an in vitro degradation assay - samples were stored in an incubator at 
37о C in PBS buffered saline (pH 7.2, Sigma-Aldrich, St Louis, Missouri, USA) for a 
period of 2/8 weeks (for SF/PLA samples, respectively). Each sample was placed in 3 
mL PBS; the pH of the solution was checked weekly using a pH meter (VAT1011, V&A 
Instrument Co., Ltd., Shanghai, China) with an external sensor, after which the PBS 
solution was replaced with new buffer (for PLA plates). The relative percent weight loss 
of the SF layers was calculated at the end of each week and the PBS was replaced with 
fresh buffer. 

Bioassay methods related to the study of cell morphology and distribution in terms of adhesion, 
orientation, proliferation, migration, and differentiation on laser-treated matrices; cytotoxicity 
assays of cell viability; fluorescence microscopic observations of actin cytoskeletal networks; 
and the study of metabolic activity of cells on treated matrices compared with untreated 
biopolymer substrates are briefly described in the presentation of specific results. 
 

Results and discussion 
1. Development of a 2D temporary cell matrix based on PLA for application in bone tissue 
engineering. 
In this study, 2D PLA plates were modified by Ti:Sapphire femtosecond laser system at 
different laser energies and scan rates. Different surface laser treatments were used to obtain 
structures with hierarchical geometry for future preparation and design of porous cell matrices 
and biointerfaces between recipient and foreign implant tissues. The aim of this research is 
focused on achieving conditions associated with a regime above the modification threshold, 
giving feedback on over what range the applied laser parameters can be varied without causing 
changes in the chemical state of the examined PLA material - the goal is to optimize the laser 
treatment conditions to achieve the desired improved morphologies for cell adhesion and 
potentially bacterial rejection. The developed 2D PLA-based temporary cellular matrices for 
bone tissue engineering applications were further nano-functionalized by depositing of a thin 
layer of chitosan (Ch)/hydroxyapatite (HAp) via "spin coating" and "Pulse Layer Deposition" 
(PLD) methods. A set of cell-based experiments was also carried out in order to make a 
biological evaluation of the constructs created. 
An initial investigation of the optimal laser parameters was performed to gain initial insights 
into the porosity and morphology of polylactic samples prepared by compression molding after 
laser modification with ultra-short pulses in respect to the future design and preparation of 
porous PLA-based cell matrices that could form the basis for the creation of effective 
biointerfaces between the recipient tissue and the foreign implant. A set of experiments was 
performed to test the effects of femtosecond radiation with variation over a wide range of 
applied laser parameters - frequency, energy in pulse/power, number of applied pulses/laser 
scan rate, in accordance with the applied pulsed/continuous mode of operation. Based on the 
primary results obtained, an optimal range for varying the applied laser parameters for 
subsequent laser structuring was selected as follows: F = 1.7 and 0.8 J/cm2 and scanning speed 
V = 16, 3.8, 1.7 and 0.6 mm/s (continuous operation mode) for both F values used. Each laser-
treated PLA cell matrix was analyzed relative to a control biopolymer plate. SEM analysis was 
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performed to evaluate the surface morphological change according to the applied laser 
parameters chosen for surface patterning of the samples (Figure 3). Each femtosecond 
modification of the PLA matrices was observed at 100x, 500x and 5000x magnification. The 
corresponding C [wt.%] and O [wt.%] values from the EDX elemental analysis performed are 
given in Table 1. 
Table 1. EDX elemental composition values [wt.%] of control and femtosecond laser modified PLA samples. 

Sample (PLA) C [wt.%] O [wt.%] 

Control 74.27 25.73 
V = 16 mm/s, F = 0.8 J/cm2 68.05 31.95 
V = 3.8 mm/s, F = 0.8 J/cm2 61.51 38.49 
V = 1.7 mm/s, F = 0.8 J/cm2 60.52 39.48 
V = 0.6 mm/s, F = 0.8 J/cm2 58.82 41.18 
V = 16 mm/s, F = 1.7 J/cm2 62.48 37.52 
V = 3.8 mm/s, F = 1.7 J/cm2 60.42 39.58 
V = 1.7 mm/s, F = 1.7 J/cm2 59.09 40.91 
V = 0.6 mm/s, F = 1.7 J/cm2 58.32 41.68 

 
The surface of the control PLA matrix had a surface roughness value of Sa=0.41µm, compared to 
the samples treated with laser radiation, where a change in Sa values in the range of 0.81-11.84µm 
was observed - Table 2. From the SEM images, it is clearly seen that by varying the parameters of 
the applied laser radiation, very precise control over surface and even bulk structuring can be 
achieved - from very subtle surface circular formations at V = 16 mm/s, F = 0.8 J/cm2, through hole 
formation and material ejection around the interaction zones and the formation of grooves of 
different depth and width (Table 2) for V=3.8, 1.7, 0.6 mm/s, F=0.8 J/cm2 and V=16, 3.8, 1.7mm/s, 
F=1.7J/cm2. The creation of self-organizing complex hierarchical microstructures with two types 
of periodicity - parallel and perpendicular to the laser processing direction is achieved at 
V=0.6mm/s, F=1.7 J/cm2 - Figure 3h. The interaction at the highest values of V (V = 16 mm/s, for 
both values of F) with the PLA surface results in the formation of single craters filled with porous 
structures Figure 3a,e. By further increasing the energy of the applied laser radiation and lowering 
the scanning speed, transformation of the resulting structures into channel-like formations with 
increasing depth and width is observed. Thus, a 3D foam-like porous structure is formed on the 
treated PLA surface. These hierarchical shapes represent a very fine network of filaments which is 
clearly visible in the highest magnification images (V=16, 3.8mm/s in both F) - Figure 3b,c,f,g. In 
the case of V=0.6 mm/s, F=1.7 J/cm2, Figure 3h, two types of perpendicular to each other periodic 
structures are observed. Such laser-induced surface structures are formed due to the lifting of the 
material and are known to be very effective in controlling cell behavior. In addition to this, several 
groups have stated that these structures can lead to an actual reduction in bacterial biofilm formation 
and thus contribute to the creation of cell matrices with improved antibacterial properties [13]. 
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Figure 3. SEM images of PLA matrices: structured with (a-d) F = 0.8 J/cm2 and V = 16, 3.8, 1.7, 0.6 mm/s, (e-h) and 
F = 1.7 J/cm2 and V = 16, 3.8, 1.7, 0.6 mm/s, respectively. 

The EDX elemental composition values [wt.%] obtained from the laser-treated and control surfaces 
of the polymer matrices are presented in Table 1.  
Table 2. Thickness [µm] and roughness (mean linear roughness (Ra) and surface roughness (Sa) [µm]) of the 
femtosecond laser irradiation treated PLA samples compared to the control surface. 

Sample (PLA) Thickness [µm] Ra [µm] 

Control 250 0.024 
V = 16 mm/s, F = 0.8 J/cm2 228 0.53 
V = 3.8 mm/s, F = 0.8 J/cm2 215 1.92 
V = 1.7 mm/s, F = 0.8 J/cm2 219 2.4 
V = 0.6 mm/s, F = 0.8 J/cm2 236 4.24 
V = 16 mm/s, F = 1.7 J/cm2 227 3.35 
V = 3.8 mm/s, F = 1.7 J/cm2 223 5.8 
V = 1.7 mm/s, F = 1.7 J/cm2 218 4 
V = 0.6 mm/s, F = 1.7 J/cm2 240 5.19 
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No uncommon elements were detected in the composition of all tested PLA samples.  As already 
highlighted, the breaking of lateral O-C=O chemical bonds could explain the slight change in the 
percentage concentration [wt.%] of oxygen [O] and carbon [C] observed with increasing values of 
laser fluence (F) and decreasing scan rate (V). 
In parallel with these measurements, the thickness and roughness of the laser-treated PLA samples 
were evaluated. The results are summarized in Table 2. Each test was performed relative to a control 
surface. The results presented in the table, demonstrate a trend of thinning of the samples with 
increasing F and decreasing V applied to the surface of each sample. Laser treatment at V=0.6 
mm/s at F=0.8J/cm2 and F=1.7J/cm2 represents a turning point as it results in lifting of the material 
around the laser treated areas, creating local 3D structuring of the polylactic plate surface. These 
findings can be explained by the formation of irregularities by the lifted material in the high energy 
treatment regime, which can be clearly seen in the SEM images in Figure 3d,h. This effect can be 
attributed to melting and to ablation with a large degree of material ejection of the solid polymer 
matrix, resulting in the formation of a structure with a hierarchy of repeating depths and heights. 
The observed change can be explained by a rapid increase in surface temperature followed by a 
sudden partial melting of the polymer matrix and a limitation of the phase transformation. This 
affects the thickness of the treated area in the case of the lowest values of V at F=0.8 J/cm2 and 
F=1.7 J/cm2.  

 
Figure 4. Representative 3D cross-sectional images of PLA matrices: (a) F=0.8J/cm2, V=3.8mm/s, (b) F=1.7J/cm2, 
V=0.6mm/s, (c) F=1.7 J/cm2, V=3.8mm/s; (d) control surface. 

The high roughness values (Sa=11.84µm and 24.07µm) achieved under the above laser processing 
conditions may have a positive effect not only on cell attachment and orientation, but also on the 
orientation of cell ingrowth towards areas of greater porosity in volume, which is provided by the 
two types of periodicities achieved at V=0.6mm/s, F=1.7J/cm2. On the other hand, the surface 
roughness (Sa=2.1µm), observed at F=0.8J/cm2 and V=3.8mm/s, in terms of the depth (6.3µm) and 
width (1.19µm) of the channels, and the corresponding morphology - Figure 4b and Ra=1.92 µm 
in this particular case seems to be suitable for seeding mesenchymal stromal cells (MSCs), 
according to Szmukler-Moncler et al, who reported Ra=0.9-1.53µm as the optimal range for MSC 
cells [14]. The optimal roughness for stable bonding of the implant surface to the recipient tissue, 
according to the literature, is min. Ra=1µm [15]. To better visualize the detailed results presented 
in Table 2, representative 3D reconstructed images of the control and treated polylactic matrices 
are shown in Figure 4. 
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WCA measured on structured surfaces depends on the direction of water droplet application with 
respect to the direction of laser-generated channels - Figure 5. Each water contact angle value 
presented in the plots in Figure 6 is averaged from 10 separate measurements. 

 
Figure 5. Schem of water drop application on femtosecond modified PLA samples: (a) perpendicular and (b) along 
laser-generated grooves. 

As can be clearly seen from the results presented graphically in Figure 6, for both types of water 
droplet application, there is a general trend of decreasing the contact angle values with increasing 
water droplet contact time with the surface at higher F values and lower scan rates. The observed 
change of WCA(θ) values from 137о for control surface to 60о-20о for treated PLA matrix changes 
the wettability of the surface to more hydrophilic, thus making it "favorable for cell adhesion and 
proliferation", which may improve the tissue integration of PLA implants in the body [16]. For 
example, the groups of Dekker et al. and Wan et al. reported that the maximum cell attachment 
occurs at WCA(θ) of 20-55о for endothelial cells and fibroblasts [17,18]. In the present study, 
however, some interesting cases stand out from the rest. In the case of applying the water droplet 
along the femtosecond-generated stripes, the control surface is characterized by more hydrophobic 
properties, which is not the case for perpendicular application - in the first seconds of application, 
some of the femtosecond laser-treated PLA surfaces show greater hydrophobicity than the untreated 
sample. However, at the 7th second in both types of dH2O application, each laser modified surface 
changes its wetting properties to more hydrophilic. This can be explained by the model of Wenzel 
(1936), which describes the homogeneous wetting of rough surfaces at a stable equilibrium state, 
the minimum free energy state for the system [19]. The WCA values gradually decrease with time, 
except for the group of PLA samples treated with V=0.6mm/s, F=1.7J/cm2, where interesting 
"bends/bumps/jumps" are observed in both WCA plots. These twists are more pronounced when 
"perpendicular application " is performed. This can be explained by the model established by Cassie 
and Baxter (1944), according to which heterogeneous surface wetting is observed [20]. As can be 
seen from the SEM images (Figure 3h) and 3D roughness images of the treated PLA samples 
(Figure 4b) at V=0.6mm/s, F=1.7J/cm2, the formation of the porous periodic microstructured 
architecture of the PLA matrix has a hierarchical origin, and thus it is possible that air pockets are 
retained in the material volume, which prevent the water droplet from initially uniformly entering 
the 3D microstructure created by the laser radiation, and can lead to a sudden jump in the WCA 
values, which forms the bends in the graph observed in Figure 6. 
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Figure 6. WCA evaluation of femtosecond modified PLA samples over a period of 7s - (a) drop dH2O, applied along 
and (b) perpendicular to the direction of the created channels. 

It has been found that superhydrophobic (θ>150◦) or superhydrophilic (θ< 20◦) PLA surfaces can 
be achieved by creating grooves with V=0.6mm/s, F=1.7J/cm2, where the water contact angle 
θ=164.8о at 1st second drops noticeably to θ=5о at 7-th second of dropping. This drastic step change 
in WCA can be explained by the Cassie-Baxter model [20]. The WCA estimation shows that by 
fine-tuning the laser parameters, the surface wettability of the PLA matrices can be precisely 
controlled to achieve cell-adhesive surfaces. 
The chemical composition after laser treatment of PLA cell matrices was also investigated. The 
results of the FTIR analysis performed are presented in Figure 7. 

 
Figure 7. FTIR spectra obtained from laser structured polylactic surfaces treated at F =0.8 and 1.7J/cm2 , V=16, 3.8, 
1.7 and 0.6mm/s. 
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As can be seen from the results obtained from the FTIR spectroscopy performed under different 
laser treatment conditions, slight deviations in the intensity of the peaks obtained after femtosecond 
treatment of the biopolymer were observed with respect to the control PLA sample [21]. In other 
words, all the characteristic chemical groups for PLA spectra are detected, but with a difference in 
the intensity of the appearing maxima. The peak detected at 3750 cm−1, corresponds to stretching 
of the O-H bond and is characteristic of PLA. The resonance peak of the CH3 band is detected at 
2925cm-1. The maxima at 1747.51cm−1 and 1182cm−1 correspond to C=O and C-O-C stretching of 
the PLA molecule. The carbonyl peak at 1452.4cm-1 is well defined. The carboxyl group was also 
detected at 1084 cm-1 [22]. 
In addition, XPS analysis was performed in the two most interesting cases of laser treatment of 
polylactic samples (optimized to achieve improved cell adhesion conditions), obtained at the 
following laser parameters applied: F=0.8 J/cm2, V=3.8 mm/s and F=1.7J/cm2, V=0.6mm/s – 
Figure 8.  

 
Figure 8. Comparison of XPS spectra of femtosecond laser treated PLA surfaces at F= 0.8 J/cm2, V=3.8mm/s and 
F=1.7 J/cm2, V=0.6mm/s; (a) broad XPS spectra; (b) C1s spectra; (c) C1s decomposed spectra; (d) O1s spectra. 

Based on the atomic composition of the PLA molecule, the C1s, O1s regions were investigated by 
XPS analysis since the biocompatible polymer is mainly composed of carbon and oxygen [23]. The 
broad XPS spectra showed no deviation from the positions of the maxima of C1s, O1s, obtained 
from the laser-treated areas of the PLA, compared to the control surfaces - Figure 8 (a) C1s spectra 
(b) and C1s decomposed spectra (c). On the other hand, the spectra obtained from the treated 
samples at F=1.7J/cm2, V=0.6mm/s are significantly different from the control spectra and that 
obtained from F=0.8 J/cm2, V=3.8mm/s treatment - Figure 8b,c. In the case of biopolymer matrices 
laser treated with F=1.7J/cm2, V=0.6mm/s, three components are observed in the C1s XPS spectra, 
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at 284.6, 286.6 and 288.9eV. These can be assigned to C atoms in (C-C)/(C-H), (C-O) and (O-
C=O) bonds, respectively. In the case of the spectra detected by the control and the spectra obtained 
for irradiation conditions F=0.8 J/cm2, V=3.8mm/s, the second maximum (286.6eV) assigned to 
(C=O) bonds is almost not observed in Figure 8b, while in the case of F=1.7 J/cm2, V=0.6mm/s, 
this maximum has a significantly higher intensity, which can be related to the increase in the 
concentration of C-O and O-C=O bonds and the incorporation of peroxyl, hydroxyl, ether or 
carbonyl groups on the surface of the PLA matrix, respectively [23]. The significant increase in the 
third peak (288.9eV) of the C1s spectra suggests an increase in the molar concentration of C=O 
bonds and the accompanying incorporation of carbonyl groups on the surface of the polylactic 
samples laser treated at F=1.7J/cm2, V=0.6mm/s. As can be seen from Figure 8d, only a slight 
deviation in the O1s XPS spectra is observed after laser treatment - the maximum at 532.1eV is 
attributed to oxygen atoms in the (C-O) and (O-C=O) bonds. 
To see if the degradation rate of the PLA matrices corresponded to the regeneration rate of the 
newly formed bone tissue in terms of implantation, a preliminary in vitro degradation assay was 
performed in PBS buffer, at 37о C on the PLA matrices selected for subsequent cell experiments - 
Group 1 PLA (G1) F=0.8J/cm2, V=3.8mm/s; Group 2 PLA (G2) F=1.7J/cm2, V=0.6mm/s and 
control PLA Group 3 (G3). The results of pH measurements obtained over a period of 8 weeks are 
summarized in Table 3 and Figure 9. 
Table 3. Change in pH of PBS from Group 1 PLA (G1) F=0.8J/cm2, V=3.8mm/s; Group 2 PLA (G2) F=1.7J/cm2, 
V=0.6mm/s and control PLA Group 3 (G3) during the 8-week period of the in vitro degradation test. 

Week Group 1 PBS pH Group 2 PBS pH 

0 7.2 7.2 
1 7.2 7.2 
2 7.2 7.2 
3 7.2 7.2 
4 7.2 7.2 
5 7.2 7.2 
6 7.1 6.9 
7 6.9 6.7 
8 6.5 6.3 

The graph presented in Figure 9a shows that the pH values of the PBS buffer in which all three 
groups of PLA matrices were incubated remained unchanged until the end of the fifth week (~7.2). 
At the sixth week, there was a decrease in the pH value of the buffer of G1 (pH = 6.9), G2 (pH = 
6.7) and G3 (pH = 6.9), more noticeable for the G2 samples. This trend persisted until the end of 
the in vitro degradation assay - the pH decreased by ~ 0.2 units for each group, respectively. The 
slight decrease in the pH values of the PBS saline solution can be attributed to the degradation 
process of PLA, whose released by-products, (such as lactic acid), make the medium more acidic. 

 
Figure 9. (a) Graphical representation of the change in pH of PBS of group G1, G2 and G3 over time; SEM images of 
(b) G1 and (c) G2 samples after the performed in vitro degradation assay. 

The SEM images taken for G1 and G2 after the 8-week buffer incubation period show a slight 
deviation (Figure 9b, c) in the surface morphology of the PLA plates compared to Figure 3. The 
results suggest that femtosecond laser treatment with higher laser fluence and lower scanning speed 
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can accelerate the in vitro polymer matrix degradation process and thus help to achieve an 
appropriate speed corresponding to the rate of specific tissue regeneration [24]. The group of Guo 
et al. demonstrated, for example, that polymer matrices completely degrade to harmless products 
in simulated body fluid (SBF) at a slow degradation rate and that the weight loss of matrices can 
reach 80% after 8 months of in vitro degradation, which is consistent with the regeneration rate of 
new bone tissue in the human body [25]. 
After extensive characterization (using SEM, EDS, FTIR, and XPS analyses, evaluation of 
wettability change, roughness analysis, and in vitro degradation) of laser-treated PLA 
biocompatible polymer samples, with the optimal limits of variation of laser radiation parameters 
determined (energy, number of pulses, speed, etc.), two groups of laser-treated 2D PLA-based 
biodegradable matrices were selected: G1 - F= 1.7J/cm2 , V=3.8mm/s (in terms of the Ra and WCA 
values obtained, which fall within the conditions required for adhesion and proliferation of MSCs, 
according to the literature study mentioned above [15,17,18]) and G2 - F=0.8 J/cm2 , V=3.8mm/s 
(exhibits interesting wetting behavior and superhydrophilic character due to its double hierarchical 
porosity). The cell experiments were performed using the following methodology. Each group 
consisted of 30 samples; to confirm the results obtained, the cell plating experiments were repeated 
twice; parallel experiments were performed on control PLA Group 3 (G3) samples. Polymer 
samples from all three groups were cleaned with 70% ethanol solution for 15 min in a 12-well 
plate-Figure 10. The plates were placed in a ventilated laminar box to help the remaining ethanol 
evaporate and sterilized under a UV lamp for 20 minutes before any other manipulation. 
Mesenchymal stem cells from Wharton Jelly (MSCs) were seeded at a density of 30,000 cells per 
sample and cultured for 14 days. 

 
Figure 10. Procedure for preparation of cell culture assays. 

Cell proliferation assay by WST-1 (Roche Diagnostics, Risch-Rotkreuz, Switzerland) was 
performed on days 7, 10 and 14 after seeding of MSCs according to the manufacturer's protocol - 
Figure 11. Absorbance was measured at 440 nm using a FLUOstar Omega microplate reader (BMG 
Labtech, Aylesbury, England) against a blank background control at a correction wavelength of 
750 nm. After 14 days of culturing, MSCs were fixed with 4% (w/v) paraformaldehyde (Sigma-
Aldrich, Missouri,USA) at 37о C for 10 minutes and permeabilized with 0.5% (v/v) Triton 100 for 
5 minutes. Alexa® Fluor-488conjugated-Phalloidin® (Abcam, Cambridge, UK) - 1/100 dilution in 
0.1% Triton 100 was used to stain the F-actin cytoskeleton for 45 minutes at room temperature. 
Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI, 100 ng/mL, 1/10,000 
dilution) for 5 minutes. The stained cells were observed by epifluorescence microscopy (Zeiss 
microscope, ×20, Carl Zeiss AG, Jena, Germany). 

 
Figure 11. Cell viability test performed on days 7, 10 and 14. 
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The results presented in Figure 12a show that the proliferation rate of MSCs on G1 was similar to 
that of G3, while a slower proliferation rate of MSCs seeded on G2 matrices was observed 
compared to G3. Furthermore, after 14 days of MSC culturing on the three groups of samples, the 
cells were fixed and fluorescently labeled with Phalloidin® (stains the cytoskeleton green) and 
DAPI (stains the nuclei blue). Observation of labeled cells on samples under a fluorescence 
microscope confirmed the presence of MSCs on the samples after 14 days of culture Figure 12b. 
The figure shows that femtosecond laser treatment affects the morphology and organization of 
MSCs: the cell cytoskeleton acquires an elongated shape, simultaneously aligning along the 
grooves, while the cells of the G3 group maintain a random organization. These preliminary results 
suggest that MSCs can adhere and orient to both laser-generated structures on G1 and those on G2 
and show no differences between them in the context of cell viability.  

 
Figure 12. Proliferation rate of MSCs (a) and fluorescence images of morphological orientation of cells (b) on G1, G2 
and G3; cell cytoskeleton (green) and nuclei (blue). Scale bar = 50 µm. 

Femtosecond laser processing of polymer-based cellular matrices has been extensively investigated 
in recent decades as an alternative non-contact and chemically clean method to structure and 
functionalize the matrix surface, thereby improving the biocompatibility and biomimetic properties 
of various polymeric scaffolds [26]. The ultrashort interaction time between femtosecond laser 
pulses and transparent biopolymers significantly reduces the size and depth of the heat-affected 
zone, thus allowing structuring of polymers such as PLA, which have low glazing and melting 
temperatures, (TgPLA = 60o C), to be achieved without inducing serious thermal side effects [27]. 
Not only surface micro- and nanostructuring, but also precise three-dimensional porous structures 
can be fabricated on the surface and in the bulk of the processed biodegradable polymer [28]. 
Femtosecond laser systems enable the processing of transparent materials by nonlinear optical 
interaction in the visible to near-infrared region [29]. Ortiz and co-workers reported that the laser 
ablation of poly-L-lactic acid (PLLA) is governed by a multiphoton process in the three interaction 
cases: with the fundamental (1064 nm), second (532 nm) and third harmonic (355 nm) wavelengths 
of the Nd:YVO4 laser [30]. The group of Daskalova et al. for example, achieved 3D porous foam-
like structures with µm pore size on the surface of thin layers of collagen, elastin and chitosan by 
femtosecond laser structuring at ƛ = 800 nm, in which cells adhere, elongate and orient [31]. It has 
been shown that optimal cell adhesion conditions in terms of protein absorption are achieved at 
intermediate wetting values θ=20-55о for fibroblasts and endothelial cells [18,19]. Femtosecond 
laser treatment of polymers results in the breaking of weak hydrogen bonds (C-H). The unsaturated 
C-bond of the main carbon chain of the molecule reacts with oxygen to form new carboxyl, ester, 
hydroxyl, carbonyl, etc. bonds, making the polymer-based cell matrices hydrophilic [32]. Improved 
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surface roughness is a very important parameter for the adhesion of mesenchymal stem cells and 
further construction of hard tissues such as bones and teeth. For example, the group of Cordero et 
al. showed better alignment of MC3T3-E1 pre-osteoblastic cells on laser microstructures formed 
with hatch distance between grooves below 50 µm [33]. Larger inter-structure distances prevent 
cells from developing focal adhesion contacts and bridging over the laser grooves created on the 
polymer surface - cells remain oriented along the grooves but do not proliferate and do not express 
differentiation markers [34]. A roughness value of 0.9-1.53µm (Ra) is reported to be optimal for 
MSC orientation [15]. If the surface does not possess high roughness values, it would lead to 
insufficient formation of functional tissue.  As a result, no effective contacts can be established to 
connect the implant to the healthy tissue due to poor cell adhesion and tight fixation of the implant 
to the host tissue may fail [34]. On the other hand, roughness parameter (Ra) values higher than 1 
µm have been experimentally shown to be minimal for effective tight bonding between implant-
tissue interfaces [35]. 
Additional primary cell assays to assess the viability and proliferation of in vitro seeded fibroblast 
stem cells over a 1-week period were also performed using the following groups of laser-structured 
biopolymer matrices: group 1 PLA - F= 1.7 J/cm2, V=3.8mm/s and group 2 PLA- F=0.8 J/cm2, 
V=3.8mm/s and group 3 - control, with optimal morphological characteristics for initial cell 
analyses. Samples from all three groups were first cleared in 90% ethanol for two hours, then 
incubated in DMEM culture medium (with 10% FSA and 5% streptomycin) overnight. Before cell 
plating, samples were removed from the medium and sterilized with UV light for one hour in a 6-
well plate. Fibroblast stem cell starting material (cell suspension with culture medium) at a 
concentration of 1×105 was added to each well containing PLA matrix. Viability of fibroblast stem 
cells was assessed on day 1, day 3 and day 7 according to the CrystalViolet staining assay protocol. 
Stained cells (dark purple nuclei) were visualized with an optical microscope (at 4× and 10× 
magnification). Absorbance was measured at 570 nm using an Epoch microplate spectrophotometer 
(BioTek, USA) against a blank background control. Preliminary cell culture results, were similar 
to those presented after culturing MSCs - a noticeable orientation of fibroblast cells was observed 
along the grooves formed by the laser radiation in both groups 1 and 2, compared to the chaotic 
distribution of cells cultured on the control group 3 - Figure 13(b-c). In all cases, a minimum in cell 
proliferation was observed on day 3, while slightly increased fibroblast proliferation was observed 
in group 2 on day 7 compared to the control PLA samples (Figure 13(a)) - the results show no 
noticeable differences between the three PLA groups in terms of cell viability. The results suggest 
that the improved hydrophilicity of PLA plaques, in combination with surface micro-roughness and 
porosity, are key parameters for cell adhesion and proliferation. 

 
Figure 13. (a) Plot of fibroblast stem cell proliferation rate; CrystalViolet optical images (nuclei stained deep purple) 
of: (b) cell-seeded PLA arrays at day 7 observed at 4x magnification; (c) fibroblast cells "invade" and align along 
femtosecond-initiated channels on group 1 and 2 fsPLA, compared to group 3 cPLA observed at 10x magnification. 
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The results confirm that femtosecond laser irradiation is a promising surface processing technique 
for the future design of porous PLA-based cellular scaffolds, which could be the basis for the 
creation of efficient, three-dimensional cellular arrays. Modification of the topography of the 
polylactic substrate could substantially improve the bioactivity properties of this material, which, 
after appropriate optimization of the laser parameters, could make its biomedical applications even 
more successful. 
 
Additional Ch/HAp surface nanofunctionalization of laser-treated PLA matrices by spin coating 
and Pulse Layer Deposition (PLD) methods. 
Since the cell experiments performed showed no significant difference in viability and orientation 
for the two laser-treated PLA groups studied (G1 and G2), but also increased adhesion of bacterial 
cells to the G2 group relative to the control surface, a reasoned decision was made to perform the 
next experiments of additional nanofunctionalization on laser-treated plates at F=0.8J/cm2 and 
V=3.8 mm/s (chosen as optimal for this biopolymer). In order to improve the adhesive activity, an 
additional thin layer of chitosan (Ch)/hydroxyapatite (HAp) (up to 30÷60 nm) was deposited on 
the polymer matrix (before or after laser treatment) by the precise method of "spin coating" to 
further functionalize the surface of the cell scaffolds. For this purpose, a spin-coater purchased from 
CaLCTec s.r.l., Calabria, Italy, was used to coat control and laser-treated PLA samples with a nm 
layer (up to 30÷60 nm) of chitosan (cPLA-Ch and fsPLA-Ch) or hydroxyapatite (HAp) (cPLA-
HAp and fsPLA-HAp), which were analyzed against uncoated polymer plates (cPLA and fsPLA). 
Protocols for the preparation of Ch and HAp solutions used for the process are described elsewhere 
[31]. Briefly, chitosan (average molecular weight) and hydroxyapatite powder (particle size 10 µm, 
≥ 100 m2/g) were purchased from Sigma-Aldrich® (Munich, Germany). Ch powder was dissolved 
in a 0.5 mol/L solution of CH3COOH and dH2O and heated to 50oC at continuous stirring for 2.5h; 
HAp was added to deionized water and stirred for approximately 2h without heating. The spin 
coating (Figure 14.3) was performed twice on each sample with pre-optimized parameters. In each 
run, 1µL of the coating solution (Ch or HAp) is applied to 1x1cm PLA plates via micropipette 
(Dlab, Beijing, China ISO9001/13485 certified - 0.1-10 µL). The centrifugal motion then disperses 
the solution onto the sample, creating the substrate on the PLA plate (so called spin-on and spin-
off phases). The thinning and evaporation phase of the HAp/Ch nm film is the last step of the 
process. The spin parameters of the centrifuge coating were selected based on the calibration curve 
for the centrifugal motion used. A schematic representation of the main steps of synthesis and 
functionalization of 2D PLA matrices is given in Figure 14. 

 
Figure 14 Schematic illustration of the main experimental steps: 1. Compression molding of PLA granules; 2. 
Femtosecond laser microstructuring of 2D PLA matrices; 3. Spin-coating of textured and control PLA samples with 
Ch/HAp nm layer, respectively, and the main steps of the process. 

Chitosan (Ch) is a natural biocompatible, non-toxic, biofunctional and hydrophilic polysaccharide 
characterized by antimicrobial activity and high affinity for cellular proteins [36]. These properties 
make it a promising non-inflammatory biomaterial for cell adhesion [37], which can serve as a 
biointerface between the temporal implant and healthy recipient tissue and can enhance bone 
formation both in vitro and in vivo due to its good osteoconductive properties [38]. For example, 
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the group of Castillejo et al. reported successful cell culture on nanosecond laser-generated foam 
structures in chitosan samples [26]. Hydroxyapatite (HA), on the other hand, is the form in which 
calcium phosphate is naturally found in bone tissue- about 60% of the bone matrix is composed of 
it [29]. This bioceramic (Ca10(PO )46(OH)2) is known for its osteoconductive properties, a quality 
from the absence of which, polylactic acid suffers, due to its hydrophobic nature [40]. HA is critical 
for normal bone function and is a key component in the "bonding glue" of the implant with 
surrounding tissues [41], as it makes a strong bond with them and improves the mechanical 
properties of cell matrices [42]. The group of Zhou et al. for example, showed that the addition of 
Ch and HA to PLA matrices resulted in improved adhesion, proliferation and differentiation, 
mineralization and estrogen gene expression of a MC3T3-E1 osteoblast cell line [43]. Combined 
application of femtosecond laser patterning with the "spin coating" method to functionalize the 
surface of PLA cell matrices resulted in improved wettability, surface roughness and porosity, no 
changes in chemical structure, and several-fold improved HA deposition on laser-treated surfaces 
(described in detail in Chapter 4, Section 1, Part 1.4 of this dissertation) . 
Further surface HA nanofunctionalization of laser-treated under the same conditions (τ =150fs, 
λ=800 nm, υ=0.5kHz, F=0.8 J/cm2 and V=3.8 mm/s) polymeric plates was also performed by the 
Pulse Layer Deposition (PLD) method. The functionalization of structured surfaces by PLD, 
involves a high-power pulsed laser beam focused inside a vacuum chamber, on a target of the 
material to be deposited. This vaporized material, in the form of a plasma of nanoparticles, is 
deposited as a nanometer-thin layer on the substrate [44]. For example, in a previous study Gomes 
et al. were able to deposit homogeneous crystalline thin films of hydroxyapatite on silicon 
substrates by Nd:YAG (532 nm)-PLD at room temperature [45]. This process can be carried out in 
ultrahigh vacuum or in the presence of a background gas, such as oxygen, which is commonly used 
in oxide deposition for complete oxidation of the deposited layers. Combining the functional 
advantages of femtosecond microstructuring with nano-functionalization via pulsed layer 
deposition allows to avoid the drawbacks of conventional approaches (e.g., solvent casting, gas 
foaming, phase separation, etc.) to structure biomaterials, which in many cases can lead to 
detrimental chemical changes compromising the biocompatibility of PLA matrices [46]. For the 
purpose of this particular study, a nanometric layer of HA was deposited on the laser-textured PLA 
matrices by pulsed laser deposition (PLD), a standard ns-PLD configuration for thin film 
deposition. The layers were fabricated by ablating the HA target with an Nd:YAG laser (Lotis LS-
2147, pulse duration of 15ns and 10Hz repetition rate) operating at the second harmonic wavelength 
at 532 nm. The laser fluence applied to the target is F=10J/cm2. The distance between the target 
(HA) and the substrate (PLA) was maintained at 3cm. All depositions were performed in vacuum 
(at a pressure of 10-4 Torr) for a deposition time of 5 minutes. Each ablated PLA surface (fsPLA) 
was morphologically and chemically analyzed relative to control (cPLA and cPLA-HA) and laser-
treated HA-coated samples (fsPLA-HA). The multilevel structured PLA matrices were investigated 
by SEM, EDX, 3D profilometer, AFM and WCA analyses (described in detail in Chapter 4, Section 
1, Part 1.5 of the thesis). Cytocompatibility studies were also performed with MG63 osteoblast 
cells. Furthermore, cellular behaviour was compared to that observed on HA-coated by "spin 
coating" femtosecond microstructured PLA temporary matrices to compare the two methods of 
neofunctionalization. 
MG63 osteoblast cells were cultured on PLD HA-functionalized laser-structured PLA samples for 
a period of 10 days and cell response was assessed against cell morphology and cell growth model, 
viability/proliferation and ALP activity as summarized in Figure 15a. The in vitro bioassay 
experiments of the investigated 2D PLA plates were performed according the following 
methodology. The cellular behavior of the MG-63 osteoblast cell line (ATCC CRL-1427®™) was 
compared with that observed on femtosecond microstructured temporary PLA matrices coated with 
hydroxyapatite by the "spin coating" method. Osteoblast-like MG63 cells were cultured in alpha-
MEM medium supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 100 
µg/mL streptomycin and 2.5 µg/mL amphotericin B (all reagents purchased from Gibco, USA) at 



22 
 

37°C, 95% humidity and 5% CO2/air atmosphere to assess cytocompatibility. Cells were seeded 
onto the samples at a density of 4x104 cells/cm2 and cultured for 10 days in the absence of 
osteogenic factors. Cell response was assessed for metabolic activity/proliferation (on days 2, 5 and 
10 of culturing by Resazurin assay), alkaline phosphatase (ALP) activity (day 10) and SEM and 
fluorescence imaging (day 5). For the Resazurin assay, seeded materials were incubated in a 10% 
solution of Resazurin (Resazurin sodium salt, Sigma-Aldrich R7017) prepared in complete alpha-
MEM medium (as described above) for 3h at 37°C. The fluorescence signal (530nm 
excitation/590nm emission) was evaluated in a microplate reader (Synergy HT, Biotek, Winooski, 
VT, USA) with Gen5 1.09 data analysis software. Alkaline phosphatase ALP activity was assessed 
in cell lysates prepared in 0.1% Triton X-100 for 30 min by hydrolysis of p-nitrophenyl phosphate 
substrate (p-NPP, 25 mM, Sigma-Aldrich, USA) in alkaline buffer (pH 10.3, 37°C, 1 hour); NaOH 
(5M) was used to stop the reaction and p-nitrophenol (reaction product) was measured at 400 nm 
in a microplate reader (Synergy HT, Biotek, USA). Results were normalized to total protein content 
measured according to the manufacturer's instructions by DCTM protein assay (BioRad, Hercules, 
California, USA) and presented as nanomolar p-nitrophenol per microgram protein (nmol/µg 
protein). For SEM observation, cells were fixed, dehydrated in an increasing series of dry alcohol 
concentration, dried to critical point and coated with Pd/Au alloy (palladium/gold) before scanning 
electron microscopy (FEI Quanta 400 FEG/ESEM) was performed. Fluorescence imaging (Celena 
S digital imaging system, Logos Biosystems, Anyang, South Korea) was performed in fixed 
samples stained for F-actin cytoskeleton (Alexa Fluor® 488 phalloidin; 1:100, for 30 min; 
Molecular Probes, Eugene, OR, USA), and cell nucleus with Hoechst (8 µg/mL, 10 min, Enzo, NY, 
USA).  
In summary, the combined application of femtosecond laser patterning with the "spin coating" 
method to functionalize the surface of PLA cell matrices results in laser-enhanced wettability, 
improved surface roughness and porosity, no changes in chemical structure, and up to several-fold 
improved HA deposition on laser-treated surfaces; the main difference with the matrices presented 
in this study is in the form of HA deposition, a continuous nanometer layer in the former case and 
deposition of a surface material in the form of nanoparticles when PLD is used as a 
nanofunctionalization method. 

 
Figure 15 Behavior of osteoblast cells cultured on femtosecond laser-structured polylactic plates further functionalized 
with HA by PLD (a) or "spin coating" (b). Samples were cultured for 10 days and monitored by SEM and fluorescence 
imaging (at day 5), cell viability/proliferation (at days 2, 5 and 10) and alkaline phosphatase (ALP) activity (at day 10). 
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Quantitative results are presented as % of the control (cPLA). * significantly different from control (p ≤ 0.05); # 
significantly different from fsPLA (p ≤ 0.05). 

SEM and fluorescence imaging of the seeded materials show that the general trend observed in 
both types of functionalized samples is an unordered, random distribution of cells on the smooth 
surfaces (non-laser structured) as seen in Figure 15a-A,B and a clear trend of cell orientation and 
elongation along the laser created grooves (Figure 15a-A,B; Figure 15b-B). Nonetheless, all 
polylactic scaffolds allow cytoplasmic spreading with abundant extensions and established 
interactions between cells and polymeric materials and between cells. Viability/proliferation results 
show increased values for the laser-structured surfaces (fsPLA) compared to the control (cPLA), 
Figure 15a-C and Figure 15b-C. Also, samples coated with HA by "spin coating" (cPLA-HA and 
fsPLA-HA) allowed significantly higher proliferation compared to cPLA (Figure 15b-C). 
However, on HA-functionalized by PLD matrices, cell proliferation was lower than that observed 
with cPLA and fsPLA (Figure 15a-C). This is likely due to the deposition method (PLD or spin 
coating) rather than the laser structuring itself (since the same laser parameters were used to 
structure both types of scaffolds). This may be related to a higher initial release of ions from PLD 
functionalized scaffolds disrupting the cell adhesion process, thus explaining the lower 
proliferation values compared to the spin-coated matrices. The detected by the conducted XRD 
analysis amorphous structure of HA nanoparticles deposited by PLD, most likely underlies the high 
concentration of released ions. The results for the activity of ALP, an established osteogenic 
marker, (Figure 15a-D and Figure 15b-D) show elevated values for the laser structured surfaces 
without and with HA functionalization, compared to cPLA. Interestingly, ALP activity was highest 
for PLD functionalized samples (Figure 15a-D) compared to those functionalized by "spin coating" 
(Figure 15b-D). Given the known inverse relationship between proliferation and osteoblast 
differentiation [32], the results observed in PLD-functionalized samples (reduced proliferation and 
higher ALP activity) may suggest higher cell differentiation. Overall, compared to cPLA, the 
treated matrices showed the same trend of osteogenic behavior, i.e., increased differentiation in 
femtosecond laser-structured samples, which was further enhanced by HA functionalization. 
In this study, an innovative combination of non-contact, high precision and reproducible methods 
for surface micro/nano functionalization of temporal bone matrices is proposed. The presented 
experimental results clearly demonstrate that the combined application of femtosecond laser 
microstructuring with precise HA-surface nano-deposition by PLD leads to improved wettability, 
surface roughness and porosity, without changes in the elemental composition of the investigated 
PLA matrices and even to several times improved HA deposition on laser-treated samples. 
Moreover, the deposition of HA nanoparticles did not disturb the surface porous morphology 
generated under the action of laser treatment - the width and depth of femtosecond generated 
channels were maintained within the same micro-range, with no fluctuations observed in their 
cross-section profile. The subsequent impact of the two surface modification methods was 
monitored, in order to achieve optimized matrix properties. The behavior of osteoblast cells seeded 
on these samples was compared with that observed on microstructured polylactic scaffolds coated 
with HA by "spin coating" to compare the two HA functionalization procedures. Chaotic spreading 
on the control surfaces was observed up to orientation and cell elongation along the laser-created 
channels. All matrices allowed for both cell-cell and cell-PLA matrix interactions. Despite some 
differences in cell proliferation, the two methods of HA deposition yielded similar cellular behavior 
with respect to alkaline phosphatase ALP activity, namely enhanced osteoblast differentiation on 
laser-structured samples, which was further enhanced by functionalization with HA. The data 
suggest that PLD nanofunctionalization with HA leads to additional cell differentiation. The results 
indicate that such a combined application of the presented methods would find application for the 
functionalization of bone matrices from PLA and could significantly improve the bioactivity 
properties of the thus created microstructured PLA-hydroxyapatite nanoengineered hybrid cell 
matrices for their subsequent practical application in the engineering of personalized bone tissue. 
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2.Development of a 2D fibroin-based temporary cell matrix model for application in muscle tissue 
engineering. 
Sports injuries, accidents and other types of muscle trauma can lead to massive muscle tears. As a 
result, the body is not capable of natural endogenous muscle regeneration, which can subsequently 
cause permanent loss of muscle function and deterioration of the injured person's quality of life. In 
skeletal muscle tissue engineering, fibroin finds widespread application mainly in the form of 
hydrogels or 2D hydro-thin films [7-9]. The creation of "smart" biomimetic muscle tissue models 
based on extracted and purified silk fibroin requires improving their functionality by non-
destructive orientated patterning. The functional and physical properties of muscle as a tissue are 
properties dependent on its orientation [47]. In vivo, the extracellular matrix (ECM) structure, 
characterized by microchannels between adjacent muscle fibers, guides the alignment of myoblasts 
during the process of myotube formation [48]. To mimic the in vivo organization of muscles, 
various methods have been applied to create biomimetic muscle matrices with aligned structure, 
including electrospinning, wet and dry spinning (spinning), and 3D bioprinting. Laser treatment 
with ultra-short pulses generates controlled porosity in biopolymer-based cell matrices and results 
in the creation of micro- and nano-structures on the material surface that can strongly influence cell 
adhesion, orientation and differentiation. As a result, the growth of future muscle tissue can be 
guided in the desired direction by generating microchannels of precisely controlled size and 
periodicity on the scaffold surface in a highly reproducible manner [49]. This is very important for 
muscle tissue engineering as aligned surface structures are the key to obtaining the morphology and 
orientation of native muscle cells [50]. The group of Jin et al. [50], for example, achieved uniform 
laser-ablated microchannels on a substrate that oriented C2C12 myoblast cells along them, thereby 
aiding the natural regeneration process. Furthermore, as already elucidated in the literature review, 
femtosecond laser treatment successfully overcomes the limitations associated with the application 
of other traditional "structuring" methods such as sandblasting or chemical etching, which can leave 
toxic residues (e.g., from solvents) to cells in the matrix after treatment. The aim of the work 
presented is to fabricate and design porous 2D fibroin-based cellular matrices by femtosecond laser-
induced micro/nanostructuring for future application in engineering of functional muscle tissue.  
The experimental work is divided into four main stages, schematically presented in Figure 16. The 
stages include: fabrication of silk-based cell matrices (in the form of thin layers and lyophilized 
hydrogel); laser processing; characterization and analysis of the obtained results; seeding of muscle 
and nerve cell cultures on the laser-functionalized fibroin cell matrices - studying cell adhesion, 
orientation and migration, as well as cell viability and metabolic activity. 

 
Figure 16 Schematic representation of the basic steps for preparation and characterization of surface functionalized 
SF-based cellular matrices for application in muscle tissue engineering. 
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Extensive preliminary tests - surface modification by femtosecond laser irradiation - were 
performed on all types of synthesized samples for initial evaluation of the effect of the applied laser 
treatment in order to further optimize the applied laser parameters according to the specific features 
of the synthesized silk cell matrices. As a consequence of the extensive laboratory work on the test 
specimens, a range of variation of the applied laser parameters was optimized for the subsequent 
treatment of the temporary matrices. Surface treatment of the specimens was applied by varying 
the applied laser parameters (energy, number of pulses, frequency, etc.). The biopolymer samples 
were modified under different parametric conditions, varying the applied laser energy and number 
of pulses; the obtained results were compared. The number of applied laser pulses N was varied 
from 1 to 15, the optimum fluence of the applied laser radiation, in order to avoid ablation and 
reaching the glass substrate, after long-lasting experiments was optimized in the range of F=0.4÷ 
2.5J/cm2, and the translation speed (in continuous mode) in the range V=1.7÷32mm/s. The 
influence of the overlap frequency of the individual modifications and the variation of the distance 
between the generated channels on the surface of the samples (in raster scanning) was also 
evaluated in order to optimize the width, depth of the structures with respect to the morphology of 
muscle and nerve cells (based on a thorough literature review and the group's experience with the 
specific cell lines). On the basis of the huge amount of experimental work on laser pre-processing 
of the test cell matrices, carried out by the working group from IE-BAS, on the basis of the literature 
review on the optimal characteristics that the matrix should possess, in accordance with the 
"isoforms" of muscle cells, in terms of the dimensions of the created structures, maximally 
resembling the natural cellular environment, the limits of variation of the applied laser parameters 
were successfully defined. After the preliminary detailed tests with femtosecond laser pulses, the 
following optimal parameters of the applied laser radiation were selected: λ=800 nm, τ=120fs, 
ν=500 Hz, F=0.4 ÷ 2.5J/cm2, V=1.7 ÷ 32mm/s in continuous mode of operation (Table 4), with 
respect to the dimensions of the C2C12 myoblast cells to be seeded. To promote the natural 
regeneration process, the spacing between microchannels is also precisely controlled to optimize 
cell size and orientation within the channels. According to the literature review, the width of the 
channels promoting C2C12 orientation and differentiation varies between 20 µm and 100 µm [50]. 
All subsequent analyses of femtosecond-structured samples were averaged over ten separate 
measurements and performed relative to the control, non-laser-treated fibroin cell matrix.  
In the figure below are given SEM images of SF layers, laser-structured by simultaneously varying 
both the laser fluence and the scanning speed in the range as follows: F=0.4÷2.5J/cm2 and 
V=1.7÷32mm/s, in order to determine the optimal laser parameters for creating structures with 
specific dimensions suitable for culturing muscle cells in an oriented manner. A total of 16 groups 
of laser-treated polymer matrices (G1-G16) were investigated against a control group of initial 
fibroin thin films (G17). As can be seen from the thickness measurements of the thin films 
presented in Table 4 and the selection of representative morphological SEM images, in all cases of 
laser treatment material ejection occurred above the basal surface line, resulting in the formation 
of a thicker, material blown-out region at the interface (sample thickness =115÷161µm) relative to 
the control group (thickness=110µm). In the more "gentle" mode of structuring, the interaction 
zones created by the laser in the form of circular spots/columns (at V=32 mm/s and 16 mm/s) appear 
above the baseline of the surface (G1 and G2 groups), while when higher laser fluence is applied, 
material is found to be ejected beyond the edges of the created "micro-rings", resulting in a hole/pit-
like structure (G5, G6, G9, G10, G13, G14). The main requirement for structuring by femtosecond 
laser irradiation to achieve oriented muscle cell growth is related to the formation of 
groove/channel-like patterns [51]. 
In the present experiment, the created groove sizes can be adjusted to become narrower and deeper 
as F increases and the scan rate (V) decreases, while the highly porous nature of the created 
microstructures (G3, G4) becomes smoother and more homogeneous; in his case a granular rather 
than porous morphology is observed. However, the ejection of material, whether or not 
accompanied by the introduction of additional porosity into the structure, does not result in damage 
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to the integrity of the samples; cracks or undesirable side effects of melting at the channel/spot 
interface are not observed (Figure 17). This fact can be explained by the ultra-fast nature of the 
processes occurring during femtosecond interaction with the matrix, which prevents the 
development of thermal damage effects in the biomimetic material structure, since the interaction 
ends long before these effects occur [52,53]. 
 

Table 4. Continuous femtosecond XY raster scans: ƛ=800nm, ν=500Hz, τ=120fs, F=0.4÷2.5 J/cm2 and V=1.7÷32mm/s 
given for each treated SF sample group (Group No. G1-G16) relative to the control, femtosecond untreated Group No. 
G17. Thin film thickness and roughness parameters Sa and Ra (in µm) measured for each group of cell matrices are 
also presented. 

Group No. V mm/s F J/cm2 Sa (µm) Ra (µm) Thickness (µm) 

1 32 0.4 28.11 5.68 115 
2 16 0.4 12.2 6.56 121 
3 3.8 0.4 113.8 3.74 140 
4 1.7 0.4 23.35 12.87 146 
5 32 0.8 17.68 0.95 126 
6 16 0.8 2.23 1.38 145 
7 3.8 0.8 3.18 1.56 149 
8 1.7 0.8 12.92 5.79 161 
9 32 1.7 12.82 1.53 123 
10 16 1.7 7.23 0.64 130 
11 3.8 1.7 4.98 0.62 143 
12 1.7 1.7 8.02 1.12 156 
13 32 2.5 4.89 0.76 134 
14 16 2.5 1.52 0.74 137 
15 3.8 2.5 2.49 0.62 142 
16 1.7 2.5 7.59 1.32 146 

17-control - - 1.55 0.26 110 

In other words, one of the major advantages of laser ablation with ultra-short pulses is the ability 
to create a minimal heat-affected zone around the laser interaction area. This is because a significant 
portion of the stored energy is dissipated during the early stages of material removal and less heat 
is spread below the surface.  

 
Figure 17 SEM images of G1÷G16 of SF-based cell scaffolds taken at 500x and 3000x/5000x magnification. Enclosed 
in red - fibroin samples selected for further cell experiments based on the results of the analyses performed. 

Furthermore, in this case the laser treatment did not lead to a change in the elemental composition 
of the treated samples, but only to a slight deviation in the weight concentration [wt.%] of the 
elements, which can be clearly seen from the results of the EDX analysis performed in parallel with 
Scanning Electron Microscopy - Table 5. The slight increase in oxygen [O] concentration with 
respect to carbon [C] and nitrogen [N] can be explained by the surface oxidation taking place during 
femtosecond laser structuring. Furthermore, the high-intensity interaction between femtosecond 
laser radiation and biomaterial, which takes place at higher F values and lower V values, leads to 
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the subsequent occurrence of fragmentation of O=C-NH bonds (i.e., very slight reduction of [C] 
and [N]) due to increased material ejection [52]. 
 
Table 5. EDX elemental composition given in weight % [wt.%] of each group of femtosecond-treated fibroin samples 
(G1-G16) relative to control group G17. 

EDX Spectrum C [wt.%] N [wt.%] O [wt.%] Total [wt.%] 

G1 V = 32 mm/s, F = 0.4 J/cm2 44.87 20.87 34.26 100 
G2 V = 16 mm/s, F = 0.4 J/cm2 46.08 18.96 34.97 100 
G3 V = 3.8 mm/s, F = 0.4 J/cm2 45.57 19.16 35.27 100 
G4 V = 1.7 mm/s, F = 0.4 J/cm2 44.21 21.89 33.9 100 
G5 V = 32 mm/s, F = 0.8 J/cm2 45.58 20.53 33.89 100 
G6 V = 16 mm/s, F = 0.8 J/cm2 43.07 23.63 33.3 100 
G7 V = 3.8 mm/s, F = 0.8 J/cm2 44.03 21.32 34.65 100 
G8 V = 1.7 mm/s, F = 0.8 J/cm2 42.74 20.23 37.03 100 
G9 V = 32 mm/s, F = 1.7 J/cm2 46.25 19.79 33.96 100 
G10 V = 16 mm/s, F = 1.7 J/cm2 43.65 22.92 33.43 100 
G11 V = 3.8 mm/s, F = 1.7 J/cm2 44.9 21.96 33.14 100 
G12 V = 1.7 mm/s, F = 1.7 J/cm2 44.59 21.62 33.79 100 
G13 V = 32 mm/s, F = 2.5 J/cm2 47.96 20.03 32.01 100 
G14 V = 16 mm/s, F = 2.5 J/cm2 46.52 18.36 35.12 100 
G15 V = 3.8 mm/s, F = 2.5 J/cm2 48.04 18.01 33.95 100 
G16 V = 1.7 mm/s, F = 2.5 J/cm2 46.15 19.78 34.07 100 
G17-control 48.27 17.95 33.78 100 

A representative selection of 3D real color images by surface mapping using an optical 
profilometer, obtained by varying F and V with respect to a control surface, is given in the following 
Figure 18. The corresponding roughness parameters Ra and Sa for all sample groups (G1-G17), are 
presented in Table 4. As already mentioned, the specific modelling conditions were chosen in 
relation to the optimal size and morphology of the generated porous topography in terms of suitable 
seeding conditions for myoblast cells [53]. The results obtained are consistent with the 
morphological data obtained from the SEM analysis. As can be seen from the figure, the depth and 
width of the microchannels as well as the roughness of the samples (Table 4.) can be varied by 
tuning the applied laser parameters (F and V). The created channels have distinct U- or V-shaped 
edges. There is no evidence of mechanical degradation of the biopolymer material. Based on a 
literature study, optimal muscle cell sizes range between 20 µm and 100 µm because during skeletal 
muscle formation or regeneration, myoblasts fuse into multinucleated tubular supracellular 
structures to form myofibers, the main "building blocks" of muscle, whose diameter varies within 
this range, depending on the location and function of the muscle [53]. By tuning the applied laser 
parameters (F and V), the morphology of the SF matrices could maximally mimic the ECM of the 
muscle tissue and be "personalized" with respect to the specific needs of the seeded cell line. 

 
Figure 18 Representative selection of 3D profile images of silk fibroin-based cell matrices G3, G4, G8 and G11 relative 
to G17-control sample (at 20x magnification); Sa- surface roughness (top) and Ra-linear cross-sectional roughness 
(bottom). 
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For example, the group of Jin et al. [50] achieved uniform laser-ablated microgrooves orienting 
C2C12 myoblast cells along their length by varying the spacing between individual channels in the 
range of 0÷80 µm and obtained up to 100µm channel depths depending on the energy and number 
of pulses applied in their experimental work. 
The results of the AFM analysis performed complement those of the SEM and 3D profilometry 
analysis and reveal even further nano- and microstructuredness - nano-grains, nano- and micro-
pores as well as sub-microgranulation are observed inside the laser-generated microstructures, 
which can be clearly seen from the AFM 2D and 3D images of the boundary zone between the 
laser-treated and the surrounding surface (15x15µm) and the images inside the laser-generated 
structures of the fibroin samples taken over an area of 5x5µm. Some representative AFM images 
are given in Figure 19.  

 
Figure 19 A representative selection of 2D and 3D AFM images at 15x15µm from the boundary zone and 5x5µm 
inside the laser-created structures: (a) G3, G4, G8 and G11 silk fibroin-based cell matrices; (b) G17-control sample; 
panel (c) visualizes material ejection in the boundary zone of the created femtosecond craters. The local linear 
roughness (Ra) of the investigated areas is also indicated. 
AFM images of the control group, G17 (b), reveal the typical roughness of fibroin films at the 
nanometer scale. After laser treatment of the SF layers, a remarkable morphological change is 
observed not only at the micro scale (which is confirmed by SEM and 3D roughness analysis) but 
also at the nanoscale - the presence of different micro and nanostructures, grains and pores is clearly 
detected (a) and (b). Panel (c) of the figure visualizes the ejection of material into the boundary 
zone of femtosecond generated craters created at the four fluences used in this study, but at the 
highest applied scan rate (corresponding to N=1 when choosing the single-pulse laser mode of 
operation). Comparing the data from the morphological analysis performed, no disruption of 
surface integrity was observed under the specific femtosecond laser processing conditions applied. 
The optimization of the laser-induced micro-features (in terms of roughness, porosity and 
dimensions of the created structures) can subsequently influence the muscle cell behavior such as 
adhesion, morphology, direction of migration and differentiation and favor the natural process of 
muscle tissue regeneration in vitro, and potentially - in vivo [54]. In the last two decades, 
femtosecond laser processing of various biopolymers for tissue engineering applications has been 
intensively investigated by many research groups, a detailed review on the topic has already been 
made by Terakawa [55]. Regarding laser structuring of silk fibroin with ultra-short pulses, 
information is scarce, there is almost no data on femtosecond laser modification of silk protein for 
bioapplications, nor more specifically for muscle tissue engineering. The group of Santos et al. 
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[56], for example, used femtosecond laser pulses to create optical waveguides in SF by direct laser 
writing for application in biosensor fabrication. In another publication, the group builds on their 
previous results by femtosecond-based printing of well-defined 2D micromodels of pure and 
functionalized SF for optical and biomedical applications, such as “lab-on-a-chip” devices and 
microsensors. 
Based on all the data obtained (in terms of the dimensions and roughness of the microstructures 
created by the laser treatment) and the literature survey performed, the following groups of fibroin 
samples were selected for cell experiments (relative to control group G17): F =0.4J/cm2 and 
V=3.8mm/s (group G3), F=0.4J/cm2 and V=1.7mm/s (group G4), F=0.8J/cm2 and V=1.7mm/s 
(group G8), F=1.7J/cm2 and V=3.8mm/s (group G11) - marked in red in the corresponding SEM 
images (Figure 17) and examined by optical profilometer (Figure 18). Any modifications in the 
form of discrete laser spots or too "sharp" V-shaped, narrow and deep microgrooves created under 
the action of femtosecond laser radiation were excluded as suboptimal for guiding muscle cell 
growth and future establishment of functional tissue [47,51]. 
Figure 20 summarizes the FTIR transmission spectra [%] of all laser-textured SF samples, (group 
1÷16) relative to the control matrix (group 17). As can be seen from the presented spectra, there is 
no deviation in the number, shape and position of the peaks, while a clear difference in their 
intensity is observed with respect to the spectrum taken from the control group of SF samples. All 
the characteristic peaks arising from the -CONH- peptide bond, namely amide group I, amide group 
II, and amide group III, are present in the transmission spectra [57]. All the lines in the FTIR spectra 
in the figure correspond to C=O stretching (at 1620cm-1) for amide group I, N-H bending and a 
synphase combination of C=O bending and C-N stretching (at 1517cm-1 and 1229cm-1, 
respectively) for amide groups II and III [57]. The decrease in the intensity of the maxima obtained 
from the laser-treated samples can be attributed to the increase in the applied laser fluence, which 
causes interference in the vibrations of the amide groups, resulting in a lower peak intensity. This 
result strongly correlates with the results of the micro-Raman analysis performed. 

 
Figure 20 FTIIR transmission [%] spectra of fibroin-based cellular matrices G1÷G17. 
The micro-Raman spectra of the femtosecond radiation treated matrices (G1÷16) relative to the 
control (G17) are shown in the figure below (Figure 21) - all peaks characteristic of the amide 
groups are well defined as follows - amide group I at 1671 cm-1, amide group II at 1463 cm-1 and 
amide group III at 1274 cm-1 [58]. The C-H bond at 2945 cm-1 and the polarization-dependent 
maximum with respect to the side chain of the amino acid Tyr at 855 cm-1 are also very well 
expressed. The polarization-dependent peaks typical of the silk of B. mori at 1401, 1369, 1083, 
1001 and 881 cm-1, originate from β-sheets formed in the fibroin structure [59]. The main trend 
was related to a decrease in signal intensity after laser treatment, but no change in the number and 
position of peaks was observed. Although some fragments of O=C-NH bonds were detected in the 
EDX analysis performed on laser-treated SF matrices (Table 5), the amide group I, II, and III picks 
are highly distinct in all FTIR and micro-Raman spectra and are consistent with the native silk 
fibroin β-twist structure (silk-I) and β-sheet structure (crystalline silk-II), which is a more compact 
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characteristic shape of the protein after spinning of silk fibers than B. mori during cocoon formation 
[60]. 
 

 
Figure 21 Micro-Raman spectra of G1÷G17 of SF-based cell matrices. 
As a rule, natural silk fibroin and degummed SF materials include crystalline and amorphous 
structures (less stable α-helices, coils and random coils). The stability of silk fibers depends on their 
β-sheet composition. Crystalline structures have two forms: silk I, a dominant water-soluble helical 
conformation of β-strands, and a water-insoluble silk II structure formed by folded β-sheets [60]. 
The results obtained from XRD analysis performed on the four groups of laser-treated silk matrices 
selected for preliminary cell experiments (G3, G4, G8 and G11 laser-structured SF thin films and 
control group G17) are given in Figure 22. 

 
Figure 22 XRD spectra of G3, G4, G8, G11 and G17 SF cell matrices; model of SF-N terminal domain structure (β 
structure). 

As can be seen from the figure, only the XRD spectrum of the G3 fibroin sample shows enhanced 
crystallization after laser-induced treatment with respect to the control group (G17) and the other 
laser-textured SF samples - the obvious 2θ diffraction peaks, namely 12.1°, 19.8° and 24.4°, which 
correspond to the crystal structure of silk I, are well pronounced. There is a lack of well-defined 
diffraction maxima of silk II in all G3, G4, G8, G11 and G17 XRD spectra (typical diffraction 
peaks between 20° and 21°, indicating that the corresponding structure of silk II is not detected) 
[61]. From these findings, it can be concluded that under the selected experimental conditions, 
femtosecond laser treatment did not significantly affect the crystal structure of the investigated 
fibroin thin films (G4, G8 and G11) as no significant difference was observed in the XRD spectra 
compared to the control group of SF samples (G17). Increased crystallization ability of silk fibroin 
was observed only after treatment with F=0.4J/cm2 and V=1.7mm/s (G3). Therefore, it is possible 
that femtosecond laser treatment with the specific parameters may lead to the maintenance of the 
water-soluble crystal structure of silk I, which may have a positive impact on the preservation of 
the integrity of the fibroin scaffolds. 



31 
 

The wettability of modified and untreated surfaces was also evaluated by measuring the water 
contact angle (WCA). The wettability and total surface energy estimation (Table 6) of the control 
(G17) and laser structured thin films that were selected for cellular studies (G3, G4, G8 and G11) 
were performed by the "Sesil drop" method using two liquids of different polarity: distilled water 
(highly polar) and diiodomethane (very low polarity). The results obtained from the analysis of the 
contact angle (CA) estimation are summarized in Figure 23, where the change of CA over time is 
presented graphically; images of the water and diiodomethane drops at 0.00s and at 3 min for the 
samples studied can also be seen in the figure. 

  
In general, the results from both the laser-treated and control SF thin films follow a similar trend 
over the 180s period of wettability evolution - the contact angle decreases within certain limits 
(much narrower for DM than for dH2O), with a slight fluctuation in the overall linear behavior 
observed during the first 60s from droplet contact (for both liquids used) to femtosecond structured 
samples (which is not observed on the control SF surface). This can be attributed to the different 
amount of entrapped air remaining in the space between the droplet and the formed laser-induced 
microstructures during the first contact of the liquid with the underlying rough surface [62] and can 
be explained by the irregular profile of the submicrometer-scale structures (micro- and nanopores, 
grains, etc.), corresponding to the Cassie-Baxter and Wenzel models [63]. The hydrophilic nature 
of the matrices, attributed to the hydrophilic carboxyl and amino groups in the structure of the 
fibroin molecule [64], was further enhanced by laser processing, especially for the G11-type 
modification, where an almost superhydrophilic surface was achieved (WCA dropped from ̴ 25 to  ̴
20o after 3 min of dH2O application). In the case of DM contact angle evaluation, modifications of 
G3 and G4 type are characterized by higher CA with respect to the control group G17. An exception 
when observing the change in wettability in the droplet behavior was deteted in the case of 
modification type G4, where CA values increased after 60 seconds. The wettability and total surface 
energy of G8 were not measured due to the spread of DM over the entire modified surface in the 
first second of application, making it impossible for the system to measure CA. As can be seen 
from the results presented in Table 6, the surface free energy of the laser-treated samples also 
increased with respect to the control group G17. 
To assess the stability and biodegradability of the samples tested, their percentage weight loss 
during the in vitro degradation test performed in PBS (2 weeks at 37o C, 1 ml for each sample) was 
calculated according to:  

Weight loss (%) = [(Wat the beginning - Wat the end of the week)/Wat the beginning] * 100 
The results obtained, which are important to assess the stability of the matrices for different periods 
of cell culture, are given in Table 7 and visualized by SEM images taken at the end of each week - 
Figure 24. Weight loss measurement of SF matrices showed significantly slow degradation for both 
laser-structured (G3, G4, G8, G11) and control samples (G17), which can be attributed to the 
previously mentioned β-sheet structure of silk fibroin [62-64]. This result is consistent with the 

Figure 23 CA analysis of the wettability of G3, G4, G8, and 
G11 versus G17 performed with dH2O (top graph) and DM 
(bottom graph); droplet images taken at 0.00s and 180s from the 
application and corresponding CA values. 
 
Table 6 - Estimation of total surface free energy (SFE) of G3, 
G4, G8, G11 and G17-c calculated by the OWRK-SFE model 
based on dH2O and DM. The SFE of G8 was not reported as it 
was not possible to measure the CA of DM. 
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FTIR and micro-Raman spectra obtained and with the work of Wang et al [7], Farokhi et al [65]. 
and Lee et al. who estimated the weight loss to be less than 5% over a period of 14 days during in 
vitro degradation of nanocomposite samples of silk fibroin [66].  

 
Figure 24 Graphical representation of the weight loss (%) during a 14-day in vitro degradation test and corresponding 
SEM images of G3, G4, G8 and G11 silk fibroin-based cell matrices at the end of the first and second week of the in 
vitro test. Scale bar -100µm.  
The mechanical properties of the cell matrix are a key parameter for in vitro and in vivo tissue 
regeneration. In the case of skeletal muscle injury, the repair phase, as part of the regeneration 
process, takes between 1 and 4 weeks (most commonly about 2 weeks) for functional myotube 
regeneration to take place [67]. This process is closely linked to the arrangement of muscle satellite 
cells as a major step for subsequent differentiation into functional muscle tissue. 
From the results of the in vitro degradation assay and SEM images visualizing the lack of noticeable 
change in the morphology of the laser-induced channels of the tested samples G3, G4, G8, G11, it 
can be estimated that the femtosecond structured and control fibroin matrices will be significantly 
stable during subsequent cell experiments. The ability of the microfabricated scaffold to maintain 
structural integrity is critical not only for in vitro experiments, but even more so for maintaining 
mechanical stability after implantation into the organism. 
Table 7 In vitro degradation assay in PBS of G3, G3, G4, G11, and control G17 performed before preliminary cell 
experiments. Results of weight loss (%) at two time points are presented: day 7 and day 14. 

 
Four groups of laser-treated SF samples were selected for preliminary cell experiments, the G3, 
G4, G8 and G11 groups and the control G17 group (see Table 4 for a reference of the femtosecond 
radiation parameters used). The cell experiments were performed using the following methodology. 
Before plating the myoblast cell line C2C12, samples were sterilized in ethanol for 1 hour. Cells 
were seeded at a density of 5*104cells/cm2 in Dulbecco's modified Eagle's medium-high Glucose 
growth medium (Life Technologies, Carlsbad, California) supplemented with 10% fetal calf serum 
(GE Healthcare, Buckinghamshire, UK), 1% penicillin/streptomycin (Lonza, Basel, Switzerland) 
and 1% L-glutamine (Lonza, Basel, Switzerland). After 24 hours, the medium was replaced with 
Dulbecco's modified Eagle's medium-high Glucose differentiation medium (Life Technologies, 
Carlsbad, CA) supplemented with 3% horse serum (GE Healthcare, Buckinghamshire, UK), 1% 
penicillin/streptomycin (Lonza, Basel, Switzerland), and 1% L-glutamine (Lonza, Basel, 
Switzerland), which were replaced every second day. Cells were fixed with 4% paraformaldehyde 
(Roth, Karlsruhe, Germany) for 10 min at room temperature on days 3, 7, and 11 after seeding for 

Group
№ 

weight on 
day 1 (mg) 

weight on 
day 7 (mg) 

weight on 
day 14 (mg) 

weight loss 
(%) on day 7 

weight loss 
(%) on day 14 

1 10.1 9.8 9.7 2.97 3.9 

3 10.3 10.0 9.9 2.91 3.88 

4 10.1 9.7 9.65 3.9 4.45 

8 10.5 10.1 10.0 3.8 4.76 

11 10.9 10.7 10.5 1.8 3.6 

17 contr.  11.0  10.7 10.6 2.73 3.64 
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analysis of myogenic differentiation by immunofluorescence staining. Staining was performed by 
washing with ddH2O and permeabilization with Tris-buffered saline/0.1% (v/v) Triton X-100 
(TBS/T) for 15 minutes at room temperature, followed by blocking in PBS/T-1% (w/v) bovine 
serum albumin and 1%(v/v) goat serum at room temperature for 1 hour. The primary antibody 
directed to all MNS isoforms (MF 20, Developmental Studies Hybridoma Bank, Iowa, USA) was 
diluted at 1:300 in blocking solution and incubated overnight at 4°C. Alexa Fluor 488-labeled 
secondary antibody (Life Technologies, Lofer, Austria) was diluted 1:400 in blocking solution and 
incubated at 37°C for one hour. Cell nuclei were labeled by staining with 4´,6-diamidino-2-
phenylindole (DAPI) diluted 1:1000 in blocking solution for 10 minutes at room temperature. All 
stains were analyzed with a Leica DMI 6000b inverted microscope (Leica Microsystems GmbH, 
Wetzlar, Germany). Briefly, mouse C2C12 myoblasts seeded on 2D fibroin scaffolds with 
femtosecond laser pretreated surfaces differentiated for 11 days. Staining of nuclei confirmed the 
presence of viable C2C12 cells on samples at days 3, 7 and 11 of culture (in blue) with no visible 
differences between femtosecond laser-treated and control samples. Myogenic differentiation was 
assessed by immunofluorescence staining of the myogenic marker myosin heavy chain (MHC) 
relative to a control SF sample, presented in Figure 25:  

 
Figure 25 Fluorescence microscopy images (at 20x magnification) of viability (DAPI - nuclei in blue) and muscle 
differentiation (myosin heavy chain MHC - muscle-specific marker in green on day 3 and in red on days 7 and 11) of 
the C2C12 myoblast cell line, seeded for 3, 7 and 11 days, on G3, G4, G8 and G11 type modifications on the c-G17. 

Starting on day 3, signs of differentiation can be observed as shown by positive staining for MHC 
and cell elongation. Myogenic development progresses further during the culturing period, 
including fusion of cells into myotubes observed at later time points. Femtosecond laser texturing 
affected C2C12 morphology and organization in differentiating cells (days 7 and 11). They have a 
more elongated shape when cultured on G4 and G8 samples, whereas those seeded in the G17-
control group have a random organization. Furthermore, myoblasts seeded on sample G4 align 
along laser-induced channels from the earliest time point of observation (as early as day 3). 
 
Optimization of the raster model of femtosecond laser treatment of engineered silk matrices 
to create a temporary cell matrix applicable in muscle and nerve tissue regeneration. 
A Ti:sapphire femtosecond laser system Solstice®AceTM, Spectra Physics, with an output power of 
6W, operating in TEM00 mode and generating laser pulses with a duration τ=70 fs, at a central 
wavelength λ=800 nm and repetition rate ν=1kHz, was used to optimize the raster pattern by 
femtosecond laser micromachining of 2D thin films and 3D lyophilized silk fibroin hydrogels in 
order to create a temporary cell matrix applicable in muscle and nerve tissue regeneration (Figure 
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25(a)). The created cell matrices were ablated in continuous mode of laser system operation, in a 
multistep manner, positioned on a motorized XY translation stage by scanning the focused laser 
beam on the sample surface at well-defined intervals between the raster lines- dx, to avoid spatial 
overlap between individual laser-created channels. For this purpose, already optimized laser 
structuring parameters (group G4 -F=0.4J/cm2 , V=1.7mm/s, group G8 - F=0.8J/cm2 , V= 1.7mm/s, 
group G11 - F=1.7J/cm2 , V=3.8mm/s) were used, but the created raster scan design (dx1=25µm 
and dx2=50µm) was specifically optimized according to the muscle cell size [68], so that improved 
cultivation conditions of the cell line could be achieved (Figure 26(b)) . 

 
Figure 26 (a) Schematic of Solstice®AceTM laser system and high precision motorized XY translational stage, with 2D 
SF-based scaffold positioned perpendicular to femtosecond laser beam; 2 types of raster scan patterns (b) dx2=2dx1 

Although the grooves created in the case of G8 and G11 type modification look very similar to 
each other, there is a clear difference in the width and depth (Ra, Sa, respectively) of the grooves 
formed by femtosecond treatment - increasing the applied F and V results in wider grooves and 
thinner matrices (Figure 27). In the case of the G4 SF group, where laser patterning is performed 
at lower laser energy, the newly introduced raster pattern is well defined and no merging of the 
laser channels is observed, unlike the other two femtosecond structured SF groups (G8 and G11). 
The dimensions of the created channels, width (≈50µm) and depth (≈8µm) (Ra, Sa, respectively), 
are consistent with the size and shape of the muscle cells for which the samples will serve as 
temporal matrices. 

 
Figure 27. 3D composite images of modifications type G4, G8, G11, with corresponding linear and surface roughness 
parameters given (Ra and Sa). 

Fluorescence microscopic images (at 20x magnification) of C2C12 myoblast cell line (CLS, 
Eppelheim, Germany) cultured for 7 and 14 days on G4, G8 and G11 type modification laser-
treated SF thin layers versus control group, to assess viability (DAPI - nuclei in blue) and muscle 
differentiation (myosin heavy chain - muscle-specific marker in green), were analyzed with a Leica 
DMI 6000b inverted microscope (Leica Microsystems GmbH). SEM images at 500x/1000x 
magnification for preliminary biological assessment with Schwann cells (primary cells isolated 
from rat sciatic nerves) and fluorescence microscopic images (at 20x) for viability assessment (IF 
staining - in green) cultured on silk samples were also taken on day 4 of culture, after performing 
a standard dehydration procedure with a series of graded percent dry alcohol (Figure 28). Staining 
of nuclei (blue) of seeded mouse C2C12 myoblast cells confirmed the presence of viable cells in 
the samples on days 7 and 14, as no visible differences in cell viability were observed between 
femtosecond laser-treated and control samples (Figure 28-left). 
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Figure 28 Left: fluorescence microscopic images (at 20x) of viability (DAPI - nuclei in blue) and muscle differentiation 
(MHC - muscle-specific marker in green) of C2C12 myoblast cell line cultured for 7 and 14 days on G4, G8 and G11 
type modifications of laser-treated SF thin layers relative to control group; Right: Fluorescence microscopy images 
(20x) of viability (IF staining - green) and SEM images of Schwann cells on laser-treated silk samples relative to the 
control group (500x/1000x) on day 4 of culture. 

Myogenic differentiation (assessed by immunofluorescent staining of the myogenic marker MHC 
in green) was clearly demonstrated on both day 7 (signs of differentiation, cell elongation) and day 
14 (fusion of cells into myotubes) of cell culture, particularly on a G11-type modification of SF 
samples where supracellular constructs resembling skeletal muscle were observed. Laser-optimized 
surface raster patterns influenced C2C12 morphology and organization in differentiating cells (days 
7 and 14). Cells had a more elongated shape when cultured on G4, G8, and G11 samples relative 
to the chaotic distribution and lower level of myogenic differentiation of C2C12 cells in the control 
group. 
From SEM and fluorescence microscopy images of Schwann cells cultured on laser-treated and 
control SF cell ECM models (Figure 28-right), taken on day 4 of culture, a noticeable difference 
with myoblast cells is observed - while C2C12 cells are organized along the laser-created channels, 
I this case a visible orientation of Schwann cells between the grooves is noted, which can be used 
as a next step for the development of a ultra-short laser surface-functionalized, SF cell matrix for 
the parallel co-culture of Schwann and nerve cells for application in the engineering of functional 
nerve tissues. 
 
Conclusion 
Creating "ideal" matrices for tissue engineering purposes is a difficult task, bringing together many 
different modelling technologies. The matrices currently used for implantation do not yet possess 
appropriate surface characteristics and, in general, their biomimetic properties are limited. The 
main challenge in the design of tissue substitutes is still the realization of a customized implant 
with appropriate interface characteristics without the risk of subsequent inflammation. The 
application of laser processing methods to develop constructs with improved quality is an excellent 
strategy, thanks to the possibility of fabricating complex matrices with hybrid porosities. When 
designing matrix constructs, micro/nano porosity must be carefully considered as it is an important 
condition for cell viability and tissue formation. The interconnected porous structure allows 
diffusion of oxygen and nutrients into cellular structures and excretion of waste products from the 
matrix. Porosity is an essential factor in facilitating cellular processes within the implant volume. 
The density and pore size of matrices have been shown to greatly influence cell growth and 
adhesion. Previous studies have shown successful modification of synthetic polymer constructs to 
improve porosity by femtosecond laser processing. Ceramic materials are difficult to process due 
to their brittleness and chemical inertness, but their additional deposition in the form of nanometric 
layers on laser-microstructured cell matrices improves the implant interface and cell adhesion. On 
the other hand such ceramic functionalzation does not alter the total effect of microchannels, on the 
contrary even optimizes it, adding a characteristic nanoroughness. Extensive studies have shown 
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that topographical features provide a faster and more reliable osseointegration response with clear 
evidence that cell adhesion, proliferation, organization and phenotype can be modulated at the 
micro- and nano-scale level. Directed structuring of the cellular matrices used in muscle tissue 
regeneration is critical for the acquisition of the native physiology of spindle (smooth muscle) and 
striated (striated muscle tissue) muscle cells, which underlies their proper functioning in the body. 
It is generally accepted that surface topography plays an important role in modulating biological 
response. This dissertation work relies on the implementation of laser-induced technologies to 
fabricate porous hierarchical micro/nanostructures from biopolymers in order to develop 
sustainable, improved methods for implant design with enhanced functionality and porosity. Ultra-
short pulse laser processing of natural and synthetic biopolymer materials results in tight control of 
hierarchical interconnected porosity, chemical composition, and external size and shape to further 
mimic the structure of natural tissue. The performed literature survey indicates the availability of 
various methods introducing a change in the surface topography to achieve an improvement in cell-
to-surface attachment. The advantages of the process of interaction of laser radiation with the 
substance is expressed by an almost athermal and non-destructive regime, leading to the 
development of a variety of structures ranging from nano- to micromorphologies. The process is 
non-contact and does not require the use of additional chemical solvents. It provides the ability to 
process the material surface with a high degree of precision compared to other techniques.  
In the PhD thesis presented, the effect of femtosecond laser radiation on synthetic biopolymer 2D 
PLA plates was experimentally demonstrated to develop a temporal cell matrix for application in 
bone tissue engineering. It was demonstrated that by simply tuning the applied femtosecond laser 
parameters, fluence F and scan rate V, precise control of the surface properties of the PLA matrix, 
such as roughness, porosity and wettability, could be achieved without altering its elemental 
composition and chemical structure. The presented results clearly demonstrate the lack of cell 
cytotoxicity and the tendency of cell adhesion, elongation and orientation along the laser-generated 
porous microchannels. Further surface nanofunctionalization with Ch/HA of laser-treated 
polylactic acid matrices by the spin coating method and with HA by the pulsed laser deposition 
(PLD) method represents an innovative combination of non-contact, highly precise and 
reproducible methods for surface micro/nanofunctionalization of temporal bone scaffolds. The 
presented experimental results clearly show that the combined application of femtosecond laser 
microstructuring with precise surface nano-deposition of a thin layer of chitosan/hydroxyapatite by 
the "spin coating" method or of HA nanoparticles by PLD leads to improved wettability, laser-
enhanced surface roughness and porosity; no changes in the elemental composition of the 
investigated PLA matrices are observed and even to several times improved HA deposition on the 
laser-treated samples is detected. Moreover, the deposition of nanocoating or nanoparticles does 
not disturb the surface porous morphology generated under the action of femtosecond laser 
treatment - the width and depth of the generated channels are maintained within the same micro-
range, without observing microfluctuations in their transverse profile. The obtained results show 
that such combined application of the presented methods can significantly improve the bioactivity 
properties of the thus created microstructured PLA-hydroxyapatite nanoengineered hybrid cell 
matrices and lead to their subsequent practical application in engineering of customized bone tissue.  
In the PhD thesis, the effect of femtosecond laser radiation on natural biopolymer 2D thin films 
based on extracted and purified silk fibroin was also experimentally demonstrated to develop a 
temporal cell matrix model for application in muscle tissue engineering. The proposed surface laser 
modification method by selection of different combinations of F and V enabled the development 
and design of 2D fibroin-based muscle matrices, and can be successfully applied to improve their 
surface properties with a high level of accuracy with respect to the specific needs of the cell line 
chosen. By precisely combining the applied laser parameters, different degrees of patterning have 
been achieved, from the initial lifting and ejection of the material around the zone of interaction to 
the generation of porous and granular microgrooves of different sizes. At the same time, due to the 
absence of thermal side effects, no undesirable consequences such as damage of sample integrity, 
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cracking, melting or undesirable chemical changes were observed. Laser texturing with ultra-short 
pulses did not affect the elemental composition, morphological integrity or biodegradability of SF 
thin films; furthermore, the hydrophilicity and surface free energy of the matrices were improved. 
The biocompatibility assessment of muscle cells against laser-treated SF matrices demonstrated 
without doubt that cell orientation and differentiation were achievable. The analysis of the 
experimental results clearly shows that laser modification of the 2D muscle matrix model can 
significantly improve the surface properties of this material, and after optimization of the laser 
parameters, can favor its biomedical applications. The proposed technique is reliable for 
establishing a micro-pattern of laser-induced texturing of native muscle ECM media. As a next 
step, ultra-short pulse structuring of 3D hydrogel matrices is envisaged, which will then be 
implanted into an animal model for in vivo evaluation of the silk fibroin-based muscle matrix 
model. Further optimization of the raster model of the created structures was also performed, 
resulting in increased myogenic differentiation, clearly demonstrated on both day 7 (signs of 
differentiation, cell elongation) and day 14 (fusion of cells into myotubes) of cell culturing, when 
supracellular constructs resembling skeletal muscle were observed. A notable difference with 
myoblast cells was observed when Schwann cells were cultured - whereas the former are organized 
along the channels created by laser radiation, Schwann cells exhibit a clear orientation between 
channels, which can be used as a next step to develop a fs surface-functionalized SF cell matrix for 
parallel co-culturing of Schwann and nerve cells for application in engineering of functional neural 
tissues. 

 
Main contributions of the PhD thesis 

1. A methodology and protocol for the synthesis of biopolymer fibroin-based thin films and 2D 
polymer matrices in the form of polylactic acid plaques with specific applications in tissue 
engineering of muscle and bone tissues were developed. 

2. Creation and optimization of micro- and nano-hierarchical patterning on innovative 
biomaterials with precisely controlled and reproducible surface characteristics, by 
experimental optimization of the applied operating parameters of femtosecond laser radiation 
(fluence, number of pulses/scanning speed, distance between generated structures and degree 
of overlap of individual modifications), affecting the characteristics of the investigated 
samples - porosity, morphological structuring, wettability, biodegradability, chemical and 
crystal structure.  

3. Investigation of the morphology and topography of the proposed biopolymer models was 
performed. Chemical, physical and mechanical characterization has been done. The effect of 
laser modification on the samples under different operating parameters of laser radiation was 
investigated. The results of experimental measurements are characterized, analyzed and 
compared in order to optimize the created structures. Further nano-functionalization of the 
created temporary cell implants has been carried out in order to improve their adhesive 
properties and to use them as bio-interfaces between the recipient's tissues and the foreign 
implant. 

4. A detailed biological evaluation of the developed temporary cell models of bone and muscle 
tissue was performed: investigation of cell morphology and distribution in terms of adhesion, 
orientation, proliferation, migration and differentiation; cytotoxicity assays of cell viability; 
fluorescence microscopic observations; and investigation of cell metabolic activity on treated 
matrices compared to untreated biopolymer starting constructs. An optimized laser scanning 
raster pattern tailored to the morphology and physiology of the specific cell lines was 
developed and obtained. 

5. Experimentally proven design of porous polymer-based (silk fibroin, polylactic acid) cellular 
matrices by femtosecond laser-induced micro/nano hierarchical patterning was obtained for 
application in tissue engineering of muscle and bone tissues and biointerfaces between the 
recipient's tissues and its foreign implant, leading to adhesion, orientation, proliferation, 
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migration and differentiation of different cell lines with high potential for future application 
in the in vivo regeneration of injured and dysfunctional tissues. 
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