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Abstract: Silk-based scaffolds are specifically investigated in various tissue engineering applications, including for cartilage, bone, nerve, 

muscle, skin, or corneal regeneration. Guiding muscle cell growth is a challenging task in muscle tissue engineering. In this work, a self-

assembled silk fibroin thin films were processed by ultra-short laser radiation to investigate its potential for guiding muscle cell proliferation. 

The ultra-short laser processing of silk fibroin (SF) have produced micro channels which are suitable for self-assembling and orientation of 

muscle cells and provides a niche for its attachment. Silk fibroin is an excellent candidate as a biomaterial for tissue engineering applications. 

Moreover, bacterial biofilm formation on surfaces are associated with persistent microbial contamination. Thus, recently new approaches are 

needed to impede bacterial surface colonization. Using femtosecond laser irradiation (wavelength 800 nm), laser-induced surface 

microstucturing is applied to achieve non-thermal, precise, and crack free surface processing with different topographical designs on silk 

fibroin thin films in order to enhance repelling of bacteria attachment. 
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1. Introduction 

Tissue engineering is a field in biotechnology that deals with 

the creation, regeneration, and improvement of the function of 

biological tissues. The purpose of the matrix is to create a 

biomimetic environment that stimulates cell adhesion, 

differentiation, and proliferation. In this way, the cells can be 

reorganized into new three-dimensional tissue. In the process of 

tissue regeneration, the matrix itself decomposes, leaving only the 

new tissue. The main focus of this study is on the creation of laser-

structured, tissue matrices based on silk and fibrin for the 

regeneration of muscle and nerve tissue. Silk has specific amino 

acid motifs (RGD motifs), which are necessary for stable cell 

adhesion and are part of the natural extracellular matrix surrounding 

the cells in vivo [1]. The main disadvantages of biomaterials are the 

weak mechanical properties and the possibility of an immune 

response from the recipient after implantation. Thanks to its main 

building block, the protein fibroin, silk fibers have extremely good 

mechanical properties (strength, toughness, elasticity, strength), 

which presents the main features which are the base in the use of 

silk matrices for the regeneration of tissues, subjected to mechanical 

stress under normal physiological conditions. [1]. In order to be 

biocompatible, the outer layer of silk thread made up of the protein 

sericin is removed, thus the material does not cause an immune 

reaction from the body in which it is placed. Another biological 

material with extensive application in tissue engineering is fibrin, 

which is a biopolymer that plays a major role in blood clotting and 

wound healing. Most often, fibrin is applied in tissue engineering in 

the form of a hydrogel, and its application gives the best results in 

the regeneration of muscle, skin, and cartilage tissues. In addition, 

the fibrin-based hydrogel stimulates angiogenesis and the growth of 

dendrites from neurons [2]. 

Most chemical methods use organic chemicals to control the 

properties of the matrices, leaving residual toxic traces. In addition 

to chemical methods, the properties of various cell matrices can be 

controlled by physical methods, the most promising of which are 

laser sintering and laser-based surface modification. Laser 

techniques are non-contact and do not require the use of chemicals 

for additional treatment of the matrix. Irradiation with ultra-short 

laser pulses is an alternative approach by which these shortcomings 

can be overcome, as they possess extremely high processing 

accuracy and do not lead to the formation of thermal deformations 

on the processed material due to their extremely short pulse 

durations. Research in recent years has shown that surface 

modifications through the application of ultra-short pulse laser 

pulses change the topography of the material and thus can improve 

its properties and functions. Specific to tissue engineering, this type 

of modification on cell matrices leads to the creation of micro and 

nanostructures on the surface of the material, which in turn can 

strongly affect cell adhesion, orientation, and differentiation and 

subsequently can enhance bacterial rejection. For example, for 

proper differentiation and orientation, muscle cells must occupy a 

certain parallel conformation. This structuring of the cells is 

extremely important, as it generates the uniaxial force required for 

proper muscle development. Obtaining certain parallel patterns by 

applying laser-induced modeling can direct muscle cells to occupy 

the correct conformation and thus stimulate the creation of muscle 

tissue. In addition, the surface laser treatment leads to a change in 

the wettability of the material, which allows control over its 

interaction with living cells and extracellular structures. 

Silk, is a natural biopolymer material, and has become a 

promising hi-tech material. Silk fibroin (SF) origin is from Bombyx 

mori silkworm. It represents a fibrillar protein composed of three 

parts: heavy chain fibroin (391 kDa), light chain fibroin (27 kDa), 

and P25 (25 kDa). Silk fibroin possess high level of 

biocompatibility, and tunable biodegradation rate, as well as strong 

mechanical characteristics. SF can be processed into versatile 

forms, thus it becomes a favorable material for development of 

various drug delivery platforms, medical devices, and tissue-

engineering matrices SF in an aqueous state or dissolved in organic 

solvents is explored to synthesizing films, and nanofibers, for 

diverse biomedical applications Fig.1. 

 

 

Fig. 1 Types of scaffolds based on silk fibroin. 

Besides the vast of excellent biocompatibility properties that SF 

possess and makes it a perfect candidate for a wide range of 

applications, a major drawback with SF is related to the absence of 

antibacterial properties. Bacterial infection is of considerable 

importance and when an implantable biomaterial is applied into the 

body. Biomaterial contamination represents a great treat and can 

evoke difficulties to heal infections, thus leading to risk to the 
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patient's health status. Despite the huge impact that medical 

implants have on patients‘ health and quality of life, the possibility 

of side effects after implantation remains. One of the most common 

complications is the development of a bacterial infection associated 

with the implant itself. S. aureus and S. epidermidis have been listed 

as the main pathogens that colonize implants and lead to severe 

inflammation [3]. When the implant is inserted at the site of injury, 

both human and bacterial cells compete for a place to attach to the 

material‘s surface. The initial adsorption of bacteria onto an inert 

and abiotic implant is unspecific and directed mainly by 

electrostatic, hydrophobic and van der Waals forces [4]. After they 

are attracted to the implant, microbes could bind irreversibly to the 

surface itself or to various serum proteins that have already been 

randomly adsorbed to the implant surface. Once the pathogens have 

attached to the surface, they proliferate and interact with each other 

in order to form an extracellular polysaccharide matrix—the 

bacterial biofilm [5]. The microbes, being embedded in such a 

layer, could become resistant to common antibiotic treatments. 

Consequently, the task of eliminating the developed infection 

becomes extremely hard. The effects of topographical features and 

roughness profile of different surfaces on bacterial attachment have 

been widely explored Fig. 2. Generally, with the increase in surface 

roughness, the surface area suitable for microbial adhesion also 

increases, which, in turn, results in a higher chance of a biofilm 

formation. Despite this general observation, it has also been 

discovered that surfaces with higher roughness allow the adsorption 

of serum proteins. In consequence, a thin coating is formed which 

masks the rough nature of the surface and impairs the interplay 

between the bacteria and the material. The surface topography and 

morphology are two key factors that influence bacterial behavior 

and are strongly correlated to the surface roughness.  

 

 
Fig. 2 Textured surfaces : Cell attractive for enhanced cellular 

adhesion and proliferation; Antibacterial structuring for prevention 

of microbial adhesion - biomimetic surface texturing. 

 

Silk doesn‘t possess the cell adhesive components, such as arginine-

glycine-aspartic acid (RGD) sequence, which enhances cell 

adhesion. Thus additional laser based treatment applied to thin SF 

films will introduce a morphological change expressed in deviation 

in surface roughness, making the surface from one hand bacteria 

repellent and on the other hand more cell friendly.  

2. Materials and methods 

Silk fibroin was extracted from Bombyx mori cocoons. The 

Bombyx mori cocoons were cut into small pieces and degummed in 

0.2 M Na2CO3 solution at 100 °C for 1.5 h under stirring. The 

resulted degummed silk was rinsed with deionized water to assure 

the removal of sericin. And last step was to dissolve the sericin free 

silk in 9.3M LiBr solution for 3h at 60oC. The obtained viscous 

solution was finally dialyzed and centrifuged to remove the 

deionized water and remnants from the particulates. Subsequently, 

silk thin films were dried at drying oven at 37° C for 48h. Aqueous 

silk solutions were used to make thin films on the surface of glass 

slides Fig. 3.  

Laser processing was carried out using λ = 1030 nm 

wavelength, τ= 150fs duration pulses (Ti:sapphire mode-locked 

Quantronix-Integra-C system) operating at a frequency of 500 Hz. 

Fig.4. 

 

 

Fig. 3 Process of extraction of silk fibroin (SF). 

 

Fig. 4 Schematic of the femtosecond laser processing setup. 

The samples were positioned on XY translation stage. The 
irradiations were performed in air. The number of pulses (N) 
delivered at each laser spot was defined by the speed of the 
translation stage, and the distance between each two consecutive 
laser-created spots (dx) and the distance between two separate rows 
(dy) was controlled between 32 µm and 45 µm. The laser fluence 
(F) was varied between 0.4 and 1.25 J/cm2.  

3. Results and discussion 

The ability to control the surface properties of biomaterials and 

improve the adhesion of different types of cell cultures and 

biomolecules sets out the basic requirements for the development 

and use of new generation biomaterials for the purposes of tissue 

engineering and regenerative medicine. Various methods and 

approaches are used to improve the surface and volumetric 

properties of different type scaffolds, combining all kinds of 

knowledge from various fields such as physics, chemistry, biology, 

medicine.  

The work of various research groups, clearly shows that the 

texturing of biomaterials has a significant effect on cellular 

development, compared to untreated "smooth" and non-textured 

surfaces. The literary reference shows that dependencies of cell 

behaviour are observed according to the characteristics of the given 

surfaces on which they are seeded. For example, Alexandre Cunh 

et. al. [6] show that by controlling the output laser parameters 

(energy, number of laser pulses, radiation polarization), different 

sized textures of Ti-6Al-4V surfaces are produced by laser 

processing with ultra-short pulses. The resulting structures exhibit 

hydrophilic behaviour and high affinity for HBSS solution (Hank's 

balanced salt solution). The surfaces thus treated, are characterised 

by an increase in surface wettability and can be used to control the 

behavior of hMSCs cells by exploring the change in their 

cytoskeletal form and proliferation. Another research group of 

Liang et.al., treated surface of NiTi alloys by femtosecond laser 

irradiation and observed growth of osteoblasts cells, oriented along 

the laser created grooves, as a result, large amount of synapses and 

filopodia were formed due to the grooves, holes and nanoparticles 

on the alloy surface. Moreover, as a result of the femtosecond laser 

treatment, noticeable improvement of biocompatibility due to 
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formation of micro-patterns of NiTi alloys was achieved. Surface 

patterning on micro and nano- scale is critical for distinguishing the 

effects of cell shape, focal adhesion, and ligand input for improving 

cell functions. Thus, the different kinds of structures, such as 

grooves, grate, ladder and pit will lead to the observation of 

different effects of cell behaviour by altering their geometry [7]. 

One of the recent concepts of creating scaffold-type structures 

for tissue growth is based on seeding well-selected cell cultures, 

providing mechanical attachment and ―directed cells growth‖ on 

artificial grafts [8, 9]. The creation and modeling of the so-called 

"scaffold " for the needs of tissue engineering is a major challenge 

due to requirements related to the mechanical and morphological 

properties of the surface as well as their biodegradability [10,11]. 

Femtosecond laser processing can also provide other types of 

surface geometries (foam and bubble – like structures) by varying 

translation stage scanning speed, applied laser energy, pulse number 

and sample positioning. The films of silk fibroin were irradiated by 

a fs-laser beam Fig. 5. 

 

Fig. 5 Image of femtosecond laser patterned thin film of silk 

fibroin. Creation of modification zones under irradiation with a 

range of laser parameters. 

It can be observed that the laser irradiation of the silk fibroin 

films induces different modifications expressed also in the color 

of the processed areas, due to effect the local heat distribution 

and pressure waves generated by the laser interaction. The 

surface morphological characteristics of silk fibroin films can 

be tailored by (i.e. ridges, grooves structures) by single and 

multiple pulses from femtosecond laser irradiation and varying 

the scanning velocity. A typical SEM image of a laser - induced 

porous foam formation on the surface of silk thin film after 

irradiation with single pulse is shown on Fig. 5. 

 

Fig. 6 SEM image and optical profilometer surface mapping of 

silk fibroin film after laser exposure to λ = 800nm, τ = 150fs, 

N=1, E = 0.4J/cm2. 

Surface modification in the form of foam formation produced 

after irradiation by fs-laser pulses under high repetition rate, is a 

complex phenomenon, which involves interplay between strong 

energy deposition localization, low heat conductance, and 

surface tension effects. Thus modification process is triggered 

via strong ionization and electron ejection from the surface. 

After increase of the applied laser energy (E) to 0.8J/cm2 

formation of ridge is observed at the ablation zone surroundings 

Fig. 7. 

 

Fig. 7. SEM image and optical profilometer surface mapping of 

silk fibroin film after laser exposure to λ = 800nm, τ = 150fs, 

N=1, E = 0.8J/cm2. 

The porosity of the ablation zone is diminished, leading to 

formation of a melted layer and filling of the pores. In the case 

of ‗bubble‘ types of structures, the roughness parameter (Sa) of 

the irradiated zone was measured to vary from 28µm to17µm 

for single pulse irradiation, along with increasing laser fluence 

values. The characteristic ‗sponge-like‘ structure transforms to 

morphological structure with folded central part, leaving area 

with edges.  

 

Fig. 8. SEM image and optical profilometer surface mapping of 

microchannels silk fibroin film produced after laser exposure to 

λ = 800nm, τ = 150fs, N=5, E = 0.4J/cm2. 

Laser patterning in the form of micro channels results in a precise 

removal of a material, and formation of clean stripe – like channels 

Fig.8. The direct ablation of silk fibroin thin film hasn‘t induced 

damage to the surroundings of the processed zone. The proposed 

geometry is suitable for muscle and nerve cell ‗Contact guidance‘, 

which is of main importance to control cellular morphology, 

orientation and direct cell migration. This type of patterning will 

permit the cells to occupy the bottom of the microchannels and 

align along the shapes of the produced microchannels. Micro-

patterning technology, can enable the geometric control of muscle 

and neuronal cell alignment. 

We have used the Fourier Transform Infrared Spectroscopy (FTIR) 

in trasmittance mode to evaluate the molecular and crystalline 

structures of the silk fibroin thin films before and after irradiation 

with a range of laser fluences and scanning velocities Fig.9. 
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Fig. 9 FTIR transmittance spectra of silk fibroin films before 

and after laser irradiation with a range of energies between E = 

0.4 J/cm2- 2.5J/cm2 and scanning speed in the range of V =1.7 

mm/s, 3.8mm/s, 16mm/s, 32mm/s. 

FTIR spectroscopy was employed to analyze the conformational 

changes that are established during laser procesing process. The α-

helix is representd by a strong absorption bands at 1656 cm-1 (amide 

I) (C=O stretching vibrations), 1540 cm-1 (amide II) (secondary N–

H bending), and 1230 cm-1 (amide III) (C.N stretching vibrations 

and N.H bending). The FTIR measurements demonstrate that the 

silk fibroin matrix is not affected by the applied laser radiation, the 

main amide groups are present in all spectra. The only difference is 

observed in the decrease of the peaks intensity in comparison to 
untreated sample. 

Conclusion 

Laser patterning of micrometer dimensions of silk fibroin thin films 

is demonstrated using fs-laser exposure to diverse energies and 

scanning speeds. Obtaining porous microstructured thin-film 

surfaces with porous characteristics from naturally derived 

polymers (silk) could be used for muscle and nerve cells 

engineering and/or in cell directional growth and tissue 

regeneration. The obtained design of processed silk fibroin with 

topographical and chemical features suitable for engineering 

biointerfaces with multiple functionalities is a main factor in 

creation of effective topographical bioplatforms equipped with a 

possibility to regulate cells fate. 
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