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ABSTRACT 

 

Polymers play a crucial role in the preparation of biomaterials for tissue 

engineering and regenerative medicine. The biocompatibility and ability to be 

combined with other materials to produce desirable 3D structure are critical 

properties for their real application. The thesis is focused on the modification of 

polymers in its native form, composites or copolymers with mentioned properties 

to achieve desirable interaction with the eukaryotic cells in terms of the cell 

adhesion, growth, proliferation, differentiation and death. The interaction of 

materials with the cells was studied in the cell laboratory using advanced in vitro 

techniques. 

 

Key words:  biomaterials, tissue engineering, bioreactor 
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ABSTRAKT 

 

Polymery hraj² kl²ļovou roli v oblasti vĨvoje biomateri§lŢ vyuģitelnĨch 

v oblasti tk§Ŕov®ho inģenĨrstv² a regenerativn² medic²ny. PŚedpokladem pro 

jejich aplikaci je jejich biokompatibilita a kombinovatelnost s dalġ²mi materi§ly 

vytv§Śej²c²mi vhodnou 3D strukturu s poģadovanĨmi objemovĨmi vlastnostmi. 

PŚedmŊtem pr§ce je modifikace polymerŢ aŠ jiģ samostatnĨch ļi v kopolymerech 

a kompozitech za ¼ļelem c²len®ho ovlivnŊn² bunŊļn® vazby, rŢstu, proliferace, 

diferenciace a smrti. Interakce materi§lu s buŔkami byla studov§na pomoc² 

pokroļilĨch in vitro metod v r§mci laboratoŚe bunŊļnĨch kultur. 

 

Kl²ļov§ slova: biomateri§ly, tk§Ŕov® inģenĨrstv², bioreaktor 
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1. INTRODUCTION 

Today, polymers represent irreplaceable material in many fields of human 

activities. Various types of polymers already found their firm place in many areas 

of industry including building, electronics and textile industry as well as 

fabrication of products for daily use. 

Besides above mentioned, polymers also have become very attractive for 

biomedical applications - either as materials utilized as sensors, medical devices 

or scaffolds in tissue engineering. In fact, they have become the most widely used 

material in these applications. To be specific, silicone hydrogel ocular lenses, 

polypropylene disposable syringes or blood bags made from polyvinyl chloride 

could be mentioned. Moreover, a lot of additional polymeric materials seem to be 

convenient for biomedical application - e.g. polyvinyl alcohol (Li, Jiang et al. 

2015), polylactic acid (Ramot, Haim-Zada et al. 2016), polycaprolactone 

(Calandrelli, Calarco et al. 2008), polyglycolic acid (Gao, Niklason et al. 1998, 

DiCarlo, Hu et al. 2009), polypropylene fumarate (Wang, Lu et al. 2006) or 

polyhydroxyalkanoate (Li, Zhang et al. 2008).  

In the first instance, the interest was focused on natural polymers, because of 

their good material-tissue compatibility. However, the use of natural polymers 

such as collagen or fibrin can bring also several disadvantages ï e.g. limitation of 

availability, purity of animal-derived polymers, the risk of transfection of disease 

or inducing immune response, batch-to-batch consistency and mainly insufficient 

of mechanical properties for some applications and unsatisfactory degradation 

rates (Yao, Tao et al. 2011). The synthetic polymers lack some of these 

disadvantages and, moreover, exhibit additional advantages. One of the main 

advantages is their production flexibility (Liu and Ma 2004). Various low-cost 

products with controlled properties including mechanical properties (strength), 

biodegradation rate, chemical composition or (micro) structure can easily be 

prepared (Liu and Ma 2004). Synthetic polymers are also much more reproducible 

and show in general longer shelf-life in comparison with the natural ones (Ozdil 

and Aydin 2014). Furthermore, some synthetic polymers can offer some advanced 

properties such as intrinsic conductivity (polyaniline, poly(3,4-

ethylenedioxythiophene), or polypyrrole). Because of mentioned properties, there 

has been noticed the increasing interest of scientists to prepare novel polymer-

based materials suitable for biomedical applications1 in recent years.  

                                           
1 Despite (or perhaps because of) the great popularity of polymers in bio-application, the 

terms ñbiological applicationò or ñbiomedical devicesò are not always properly used in 

literature. For the purpose of this thesis the ñmedical deviceò is defined according to ISO 

10 993 -1 as any device, apparatus, instrument, material or any other product (including any 

software necessary for its utilize), which is determined to utilize within the human body, 

exclusive or predominantly for the purpose of a) diagnosis, prevention, monitoring, therapy or 

alleviation of the illness; b)diagnosis, monitoring, therapy or alleviation of injury or disability; 

c) investigation, compensation or modification of anatomical structure or physiological 

process; and d) control of conception. It also has no primary pharmaceutical, immunological 



8 

2. BIOMATERIALS 

During the event of the first Consensus Conference of the European Society for 

Biomaterials in 1976,  a term ñbiomaterialò was presented as ña nonviable 

material used in a medical device, intended to interact with biological systemsò 

(O'Brien 2011). However, since then the definition has been adjusted several 

times and several variants exist. Now, the most acceptable definition describes 

biomaterial as ñany synthetic or natural substance (or combination  of  

substances), which can be used for any period of time, which augments or replaces 

partially or totally any tissue, organ or function of the body, in order to maintain 

or improve the quality of life of the individualò (Bergmann, Stumpf et al. 2013). 

This definition seems to be not complete because it does not include the materials 

from which the e.g. medical disposable supplies or surgical instruments are made. 

This shift, however, is deliberate and corresponds to the shift of the biomaterialsË 

field of study. Its issue of interest has been focused rather on tissue regeneration 

currently (O'Brien 2011). In this context, it should be stated the term ñbiomaterialò 

as an ñabbreviationò of ñbiomedical materialò - material for tissue engineering 

and regenerative medicine. 

There are three main groups of biomaterial ï the metals, ceramics and 

polymers. Moreover, the groups are further subdivided (Williams 2009). The 

metals include pure metallic materials and alloys, the ceramics subsume glasses, 

glass-ceramic and carbons. The last group, polymers, comprises thermosets, 

thermoplastics and elastomers. From another point of view, the polymers should 

be divided into both synthetic (human-made) polymers and biopolymers 

(naturally occurred in nature). Of course, biopolymers were the first choice to be 

utilized as biomaterials ï e.g. sutures made from horse hair, linen or cellulose 

(Love 2017).  

To be accepted as the biomaterial, the material has to satisfy a lot of individual 

criteria. In general, it should have suitable physical and chemical properties 

(including e.g. mechanical, thermal, electrical or magnetic characteristics, 

solubility or leaching), required biodegradability (biodegradable or biostable 

according to intend to use), biocompatibility and sterilizability (Viney 2013). Of 

course, the manufacturability is also important - it should be cost-effective and 

scale-up from making in a research laboratory to small batch production (O'Brien 

2011). Moreover, to go more in depth, the surface properties are also very 

important and, in case of three-dimensional (3D) biomaterial scaffolds, there are 

also important bulk properties (Ratner 2013, Viney 2013). 

                                           
or metabolic effect, however, its function should be supported with these effects. Medical 

devices are different from the drugs and their biological assessment requires a different 

approach. 
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3. POLYMERIC BIOMATERIALS 

The term polymer originated from the connection of two Greek words poly 

(many) and meros (part) (Chanda 2013). Polymers naturally occurred in living 

systems e.g. deoxyribonucleic acid - gene coding polymer, cellulose - an 

important structural unit of the plant, collagen - the main component of the matrix 

surrounding cells in a living organism. As already mentioned, natural (polymeric) 

materials were used in surgery thousand years ago (Love 2017). 

Nowadays, various polymeric materials should be artificially synthesized with 

tunable properties. Synthetic polymers should be divided into two main categories 

- non-biodegradable and biodegradable (Migonney 2014). Biodegradation is 

occurred hydrolytically or enzymatically under in vivo conditions (Migonney 

2014). Based on their nature, biodegradable polymers have their application 

potential as temporary devices - e.g. transient implants, tissue engineering 

scaffolds and drug delivery system (Nair and Laurencin 2007).  

 Focusing on synthetic biodegradable polymers, aliphatic polyesters create one 

of the most discussed groups. The biodegradation of these polymers is based on 

the hydrolysis of the ester groups presented in the polymer backbone (Albertsson, 

Hakkarainen et al. 2008). This class of polymers should be easily obtained e.g. 

via ring opening and condensation polymerization based on the used monomer 

(Nair and Laurencin 2007). Polylactide, polyglycolide or poly(ὑ-caprolactone)  

and their copolymers are commonly utilized in medical devices (Lopes, Jardini et 

al. 2012) and interest of scientists still continue. As an example, the study of Ju 

and co-workers should be mentioned. They synthesized a self-assembled structure 

based on poly(ὑ-caprolactone) modified with glutathione and carnosine with 

promising potential in medicine (Ju, Zhang et al. 2017).     

Also, non-biodegradable polymers have their no substitutable position in 

biomedical application, especially in devices, where long term stability is required 

(Migonney 2014). As an example, the poly(methyl methacrylate) based bone 

cement or intraocular lens (Teo, Mishra et al. 2016), polytetrafluoroethylene 

based heart valves (Jaganathan, Supriyanto et al. 2014) or polyamide or 

polypropylene sutures (Maitz 2015) should be mentioned. 

4. BIOCOMPATIBILITY 

As biomaterial is in direct contact with the living body, the biocompatibility is 

the very first criterion, which must be completely fulfilled . However, despite of 

its simple description as compatibility of material with the living system, the term 

of  biocompatibility is really wide and is composed of complex of ñnon-

propertiesò including non-toxic (including cytotoxicity, genotoxicity,  

reproductive, systematic, subchronic and chronic toxicity), non-immunogenic 

(not induce the immune response), non-thrombogenic (not result in thrombosis or 

coagulation of the blood), non-carcinogenic (not cause cancer) or non-

inflammatory (not induce inflammation) (Elshahawy 2011, Davim 2014, Basu 
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2016). The criteria, which must any material fulfilled, depend on exposure time 

(temporary x permanent) and place of interaction (nature of body contact) (FDA 

2000). 

The overall process of biological testing of any material is complex and long 

term. It is composed of several individual steps. The testing usually starts with the 

risk assessment ï the collecting relevant data on the materials, using the literature, 

clinical or animal study experiences,  considering the proposed clinical use2 of the 

device, manufacturing process and also the sterilization process (FDA 2000). 

Furthermore, the material characterization is typically conducted in advance of 

biological testing, because e.g. surface properties and material geometry could 

also affect biocompatibility (e.g. thrombogenicity) (dos Santos, Brandalise et al. 

2017).  

After this preparative step, the in vitro3 screening is performed. The utilizing of 

cell lines offers a lot of advantage for biocompatibility evaluation. First of all, the 

tests are generally cheaper and faster compared to in vivo tests, the lower amount 

of tested material is required and the lower amount of toxic waste is produced 

(Kand§rov§ and Letaġiov§ 2011). Moreover, the possibility of utilizing human 

cell lines or transgenic cells carrying the human genes makes in vitro methods 

very attractive (Kand§rov§ and Letaġiov§ 2011, Niu and Wang 2015). 

Furthermore, stem cells are considered as a prominent screening tool due to their 

ability to differentiate in vitro into various cell types (Tandon and Jyoti 2012). 

Embryonic stem cell test, which utilizes mouse embryonic stem cells to evaluate 

the embryo and related developmental toxicity, should be mentioned as an 

example (Conde-Vancells, Vazquez-Chantada et al. 2018). Moreover, stem cells 

should be also used for in vitro assessment of reproductive, organ and functional 

toxicity (Liu, Yin et al. 2017). Lately, with the discovery of somatic cell 

reprogramming into a stem-like state, originated induced pluripotent stem cells 

have found their application in developmental testing (Tandon and Jyoti 2012).  

However, the biggest disadvantage of in vitro is the lack of system effect 

(Kand§rov§ and Letaġiov§ 2011). Therefore, the last step of a biological 

assessment is confirmation using in vivo testing and finally clinical trials. 

Nowadays, a great effort to reduce animal testing exists. As a consequence, the 

increase in a number of validated alternative methods has been recorded, e.g. tests 

utilizing in vitro reconstructed human 3D tissue models (as an example see Figure 

1). These models have a lot of advantages. As they are constructed from normal 

                                           
2The term ñproposed clinical useò includes especially the anatomical location, duration 

exposure and intended use population. It must be also considered whether the device is 

proposed to be in direct or indirect contact with tissue and exposure should be one-time, 

constant or intermittent. The last mentioned could have a cumulative effect (FDA (2000). Use 

of International Standard ISO 10993-1, "Biological evaluation of medical devices - Part 1: 

Evaluation and testing within a risk management process", FDA Maryland. 
3 An in vitro screening is one that is done in glass, plastic vessels in the laboratory or 

elsewhere outside a living organism. 
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(non-transformed) human cells and structurally and functionally correspond to 

native tissues (OECD 2016), the obtained results are more reliable in comparison 

to in vitro testing with abundantly utilized mouse cells for preliminary testing. 

Epidermal, ocular, oral mucosa, tracheal/bronchial, alveolar, small intestinal and 

vaginal models have been already created and are commercially available, for 

example by company Mattek (Sheasgreen, Klausner et al. 2009). As skin irritation 

and corrosion are abundantly tested, of all mentioned, the epidermal model is one 

of the most commonly utilized. 

 
Figure 1. The Reconstructed Human Epidermis, EpiDerm from MatTek Corporation. 

EpiDerm exhibits human epidermal tissue structure and cellular morphology with 

greater uniformity and reproducibility. Itôs a 3D structure consisting of organized and 

proliferative basal cells, spinous and granular layers, and cornified epidermal layers 

are mitotically and metabolically active (Sheasgreen, Klausner et al. 2009). 

 

Safety data should be obtained by proceeding the testing according to 

prescribed or recommended guidelines. Various guidelines addressed 

biocompatibility assessment of medical devices exist. Among other, the document 

created by International Organization for Standardization ï ISO 10993   

"Biological Evaluation of Medical Devices" and the guidance document released 

by U.S. Food and Drug Administration - blue book memorandum #G95-1, "Use 

of International Standard ISO 10993, 'Biological Evaluation of Medical 

Devices'ðPart 1: Evaluation and Testing" should be mentioned primarily. 

Guideline ISO 10993 describes the accurate procedure, parameters and conditions 

established for biological evaluation. It consists of 20 separate parts including 

guidance on nanomaterials, tests for cytotoxicity, systemic toxicity, genotoxicity 

and others. All parts are summarized in Table 1.  
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Table 1. The individual parts of the series ISO 10993 

Title  Number/Year 

Evaluation and testing in the risk management ISO 10993-1:2009 

Animal welfare requirement ISO 10993-2:2006 

Tests for genotoxicity, carcinogenicity and  

reproductive toxicity 

ISO 10993-3:2003 

Selection of tests for interaction with blood ISO 10993-4 

Tests for in vitro toxicity ISO 10993-5:2009 

Tests for local effects after implantation ISO 10993-6:2007 

Ethylene oxide sterilization residuals ISO 10993-7:2008 

Selection of reference materials ISO 10993-8:2001 

Framework for identification and 

quantification of potential degradation products 

ISO 10993-9:1999 

Tests for irritation and delayed-type 

hypersensitivity 

ISO 10993-10:2010 

Tests for systemic toxicity ISO 10993-11:2006 

Sample preparation and reference materials ISO 10993-12:2012 

Identification and quantification of 

degradation products from polymeric medical 

devices 

ISO 10993-13:1998 

Identification and quantification of 

degradation products from ceramics 

ISO 10993-14:2001 

Identification and quantification of 

degradation products from metals and alloys 

ISO 10993-15:2000 

Toxicokinetic study design for degradation 

products and leachables 

ISO 10993-16:1997 

Establishment of allowable limits for 

leachable substances 

ISO 10993-17:2002 

Chemical characterization of materials ISO 10993-18:2005 

Physico-chemical, morphological and 

topographical characterization of materials 

ISO/TS 10993-19:2006 

Principles and methods for immunotoxicology 

testing of medical devices 

ISO/TS 10993-20:2006 
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The required test depends on the nature of body contact and contact duration. 

The concrete set-up of tests is defined in Figure 2. 

 

 
Figure 2. Biocompatibility Evaluation Endpoints (FDA 2000). 

 

Beside the mentioned in vitro methods, also in silico approach conquer its firm 

place within the biocompatibility evaluation process. These approach uses 

computational methods to analyse, simulate, visualize or predict toxicity, more 

precisely toxicity endpoints (e.g. acute toxicity, carcinogenicity, organ toxicity or 

skin irritation) and related properties of the tested substance (such as 
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biodegradation or bioaccumulation) (Myatt, Ahlberg et al. 2018). The 

considerable development of in silico methods has been noticed in connection 

with the REACH (registration, evaluation, authorization and restriction of 

chemicals) regulation and was allowed by the development in the field of 

computational techniques. As any mentioned testing methods, in silico approach 

has also its advantages and disadvantages.  Frequently mentioned benefits include 

lower price and its potential to reduce animal testing.  Stanton and Kruszewski 

present the quantification of this advantage for the first time (Stanton and 

Kruszewski 2016). The authors summarize that 100 000 ï 150 000 test animals 

and the expenditures of 50 000 000 ï 70 000 000 US were avoided in the 

evaluation of 261 substances within the American Cleaning InstituteËs (Stanton 

and Kruszewski 2016). Another advantages of in silico methods in comparison 

with in vivo/in vitro approaches include higher throughput, less time consuming, 

and low compound synthesis requirements (Valerio 2009). The transparency of 

the program or quality, and transparency of some of the training set experimental 

data could be considered as the main limitations of this approach (Weaver and 

Gleeson 2008, Valerio 2009). In general, two main classes exist ï comprehensive 

(global) and specific ones (e.g. interaction with specific receptors) (Raunio 2011). 

More specific aspect divides in silico models according to the level of biological 

organization target ï molecular, cellular, tissue and organs or organism.  

The three major in silico approaches are mostly discussed in the literature 1) 

statistical-based (quantitative structure-activity relationship, QSAR), 2) expert 

rule-based (or expert/structural alerts) and 3) read-across (Raunio 2011, Myatt, 

Ahlberg et al. 2018). Each approach has its advantages and limitations, which are 

thoroughly summarized in an advanced review of Raies and Bajic (Raies and 

Bajic 2016). 

QSAR use statistical tools to correlate a chemical structure of the molecule 

(descriptors) with its response activity (Roy, Ambure et al. 2017). QSAR is 

intended to be the most discussed in silico method, and it has been also used for 

biological assessment of polymer material or their precursors. For example, 

Osimitz and co-workers screened 7 monomers of various polymers (ethylene 

glycol, diethylene glycol, polytetramethylene glycol, isophthalic acid, 

monosodium-5-sulfoisophthalic acid, 1,4-cyclohexanedicarboxylic acid, and 

dimethyl cyclohexanedicarboxylate) for their potential androgenic and estrogenic 

potential (Osimitz, Welsh et al. 2015). No androgenic and estrogenic potential 

was revealed using QSAR and obtained results were also confirmed by in vitro 

tests (Osimitz, Welsh et al. 2015).  Moreover, several advanced types of QSAR 

have been developed from one/two dimensional via 3D to multidimensional 

QSAR (Verma, Khedkar et al. 2010). With the evolution of nanotechnology, the 

member of the QSAR family (nano-QSAR) have been also required (Gajewicz, 

Schaeublin et al. 2015).  

 



15 

5. TISSUE ENGINEERING 

The aim of tissue engineering is to regenerate living tissues damaged by 

disease, injury or trauma (Dhandayuthapani, Yoshida et al. 2011). Conventional 

treatment of damaged tissues comprises the transplantation of the tissue from one 

side to another whether in the same patient (an autograft) or from another 

(allograft). However, even the lifesaving, the described approach brings not 

neglected side effects. The most famous one in the peopleËs awareness is the 

shortage of donors or the rejection of the transplant by the patientËs immune 

systems and also the possibility of the disease transmission from the donor (in 

case of allografts) (Amini, Laurencin et al. 2012). Moreover, the autograft 

transplantation is not without the problems as well. The painfulness, high cost 

connected with the harvesting of autograft or the possibility of transmission of 

infection should cause problems in case of allograft transplantation (O'Brien 

2011). Scheme showing types of grafts and their relationship is depicted in Figure 

3.    

 

 
Figure 3.Types of grafts utilizing in tissue engineering (Lu, Rao et al. 2012). 

 

Therefore, tissue engineering has appeared as an attractive alternative to 

standard transplantations. Tissue engineering creates tissues that aim to improve 

the function of diseased or damaged tissues (Nichol and Khademhosseini 2009). 

Perhaps because of this definition, it is misnamed the term tissue engineering and 

regenerative medicine4 in some circumstances. In fact, the tissue engineering is 

                                           
4 Regenerative medicine is the branch of medicine that develops methods to regrow, repair 

or replace damaged or diseased cells, organs or tissues. Regenerative medicine includes the 

generation and use of therapeutic stem cells, tissue engineering and the production of artificial 

organs Sampogna, G., S. Y. Guraya and A. Forgione (2015). "Regenerative medicine: 

Historical roots and potential strategies in modern medicine." J Microsc Ultrastruct 3(3): 101-

107. 
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only the part of the extensive field of the regenerative medicine and combines the 

biomaterial scaffolds, cells from the patientsË body and growth factors to restore, 

maintain or improve tissue function (Howard, Buttery et al. 2008). Therefore, this 

multidisciplinary field connects the chemistry, material science, molecular and 

systems biology and mechanical engineering. Although the idea originated 

earlier, the term tissue engineering was officially introduced at a National Science 

Foundation in 1988 (O'Brien 2011).  

 

 

 
Figure 4. Scaffold-guided vascular tissue engineering (Seifu, Purnama et al. 2013). 

 

One of the possible processes of tissue engineering is depicted in Figure 4. The 

process starts with the isolation of tissue-specific cells from the patientËs biopsy. 

The isolated cells are cultivated and expanded via in vitro techniques to obtain 

their sufficient amount. The cells are seeded along with the growth factors into 

biomaterial scaffold, which acts as a template for regenerated tissue formation. In 

some cases, the seeded cells are subjected to mechanical stimuli. Biomaterial 

scaffold together with the growth factors and/or other biophysical stimuli create 

the appropriate environment for cell adhesion, proliferation and new tissue 

growth. The combination of scaffold, cells and stimuli are called tissue 

engineering triad (O'Brien 2011). Subsequently, the two ways are possible. In the 

case of the first one, the scaffold with seeded cells is cultured in vitro to enable 

the tissue formation, which is then implanted back into the patientËs body. To 

obtain the 3D tissue formation, the using traditional culture methods is insufficient 

and therefore the bioreactors are utilized. The second approach is based on the 

direct implantation of the seeded scaffold into the injured site. So the tissue 
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regeneration is induced in vivo (Uchegbu and Schatzlein 2006). Concerning cell 

type, stem cells have a huge potential for tissue engineering. Firstly, because of 

their unique ability to self-renewal ï cells can easily expand under define in vitro 

conditions and cells should be obtained in sufficient amount for subsequent 

seeding onto scaffolds (Zhang, Gupte et al. 2013). Secondly, under specific 

stimulation, they have capacity to differentiate into all desired cell types, such as 

neurogenic, osteogenic, chondrogenic or myogenic lineages (Zhang, Gupte et al. 

2013). Nevertheless, the quantity of stem cells is limited in some cases and 

therefore, the induced pluripotent stem cells should be utilized as an alternative 

tool in tissue engineering (Bastami, Nazeman et al. 2017). Furthermore, contrary 

to embryonic stem cells, induced pluripotent one pose neither ethical conflict, nor 

immunological hazard (Amirabad, Massumi et al. 2017).  

 For the purpose of the doctoral thesis, the term ñscaffoldò describes the 3D 

biomaterial before cell settlement. On the contrary, the term ñtissue engineered 

constructò refers to biomaterial already seeded with cells and subjected in vitro 

cultivation prior to implantation (O'Brien 2011). 

 

 
Figure 5. Polyaniline cryogel mimicking the properties of native tissue. Source: Cell 

biology laboratories, Centre of polymer systems, Tomas Bata University in Zlin. 

 

Biomaterial scaffolds for tissue engineering can be described as highly porous 

biomaterials, which operate as templates for the regeneration of tissues or organs 

(Dhandayuthapani, Yoshida et al. 2011). As newly regenerated tissue, in the 

overwhelming majority, does not create itself without assistance any ñbuttressò, 

the biomaterial scaffolds manufacturing plays a crucial role in tissue engineering. 

In other words, scaffolds represent support for cell adhesion, proliferation and 

subsequently the new tissue formation. 
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Before the utilization of artificial scaffold, the decellularized extracellular 

matrix5 (ECM) of targeted tissue was used with success (Rijal 2017).  

 

 
Figure 6. Representative images of ischemic rat livers during decellularization 

process at a) 0h; b) 18h; c) 48 h; d) 52h; e) 72h (Uygun, Soto-Gutierrez et al. 2010). 

 

As each biomaterial, also scaffolds for tissue engineering must be 

biocompatible. Moreover, the scaffold should allow cell adhesion, proliferation, 

migration and ingrowth of cells through the bulk of the scaffold. Also, in the case 

of stem cells, the scaffold should promote their differentiation into the desired cell 

line. Implanted scaffolds also should not induce an immune reaction, because it 

leads to the inflammatory response, which might have a negative influence on the 

healing process and can lead to rejection of the implanted scaffold by the body 

(Chan and Leong 2008). The problematics of biocompatibility is described more 

detailed in Chapter 4. Biocompatibility. 

Furthermore, as was mentioned in the general properties of biomaterials, the 

manufacturability is also important. To introduce the utilization of scaffold into 

clinical practice, the manufacturing should be cost-effective and scale-up from 

preparing several samples in the research laboratory to small batch production. 

Moreover, each scaffold for tissue engineering must be prepared under good 

manufacturing practice6 and its quality must be stable in time (O'Brien 2011). 

Compliance with good manufacturing practice standards is regularly inspected. 

The storage and transport conditions must also be defined and the principles of 

good manufacturing practise must be applied there. 

                                           
5 Extracellular matrix should be described as non-living material secreted by cells that fills 

spaces between the cells in a tissue, protecting them and helping to hold them together. It is the 

aggregate of proteins secreted by cells containing collagen, elastin, proteoglycans and 

glycosaminoglycans (Winters, N. and J. H. Kelley (2017). The Metabolic Approach to Cancer: 

Integrating Deep Nutrition, the Ketogenic Diet, and Nontoxic Bio-Individualized Therapies, 

Chelsea Green Publishing.).  
6 A good manufacturing practice is a system for ensuring that products are consistently 

produced and controlled according to quality standards. It is designed to minimize the risks 

involved in any pharmaceutical production that cannot be eliminated through testing the final 

product (Karnieli, O. (2016). Bioreactors and Downstream Processing for Stem Cell 

Manufacturing. Stem Cell Manufacturing. C. L. d. Silva, L. G. Chase and M. M. Diogo. Boston, 

Elsevier: 141-160.). 
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6. CELLS UTILIZED IN TISSUE ENGINEERING 

 At its beginning, tissue engineering utilized terminally differentiated cells 

(Gelinsky, Bernhardt et al. 2015). Although mature and differentiated primary 

cells are readily available (Jhala and Vasita 2015), their expansion in culture is 

deficient and therefore their application in tissue engineering is limited 

(Sundelacruz and Kaplan 2009). Therefore, stem cells seem to be more suitable 

for this purpose. Stem cells should be defined as unspecialized precursor cells 

with the ability to self-reveal and to differentiate into diverse tissue- or organ-

specific cells under appropriate stimuli (Wang and Chen 2013).  

In the living system, stem cells reside in particular microenvironment called 

stem cell niche. This niche should be characterized as ñspecific microenvironment 

in the tissue, where stem cells can live for a quiescent stage and can differentiate 

or self-renew in a controlled manner (Jhala and Vasita 2015).  The fundamental 

elements of the stem cell niche are an ECM, growth factors, support (niche) cells 

and stem cells (Willerth 2017). This structure is usually connected with blood 

vessels ensuring the delivery of nutrients and factors (Willerth 2017). Stem cells 

are in a tight connection with niche cells via gap or adherens junctions (Jhala and 

Vasita 2015). The connection of the daughter cell with the niche cells indicates 

the fate of the daughter cell after division (Jhala and Vasita 2015). The various 

stem cells processes (e.g. proliferation, migration, differentiation and apoptosis) 

should be also operated by altering properties of ECM. It comprises biochemical 

(chemical composition of ECM or presence of functional peptide sequence) 

(Gesteira, Sun et al. 2017, Donnelly, Salmeron-Sanchez et al. 2018), mechanical 

(Hilderbrand, Ovadia et al. 2016) as well as geometrical characteristics (porosity 

or topography) (Gattazzo, Urciuolo et al. 2014). Moreover, the hypoxic condition 

has an impact on the differentiation status of stem cells (Bino, Kucera et al. 2016). 

Stem cells can be divided based on their differentiation potential as totipotent 

(able to differentiate into all cell types) (Godara, Nordon et al. 2008), pluripotent 

(capable of differentiating into any tissues except placental cells) (Bacakova, 

Zarubova et al. 2018), multipotent (more limited than pluripotent, have the 

capacity to develop into a variety of specialised cells) (Mirzaei, Sahebkar et al. 

2018), oligopotent (able to differentiate into limited cell lineages) (Burgess 2016) 

and unipotent (can create only one cell type) (Godara, Nordon et al. 2008). The 

totipotency is exhibited only by embryonic stem cells derived from a morula, early 

stage of embryonic development (Bacakova, Zarubova et al. 2018).  

Stem cells can be also distinguished according to their source on embryonic, 

foetal, adult and induced (Bacakova, Zarubova et al. 2018). Initially, the attention 

was focused on embryonic stem cell owing to their pluripotency. Embryonic stem 

cells are derived from the inner cell mass of the 5 to 6 day-old blastocyst (Godara, 

Nordon et al. 2008). However, the use of embryonic stem cells aroused ethical 

debates (Barenys and Fritsche 2018). Moreover, the embryonic stem cells require 

a feeder layer (commonly mouse fibroblasts) for their successful isolation and 
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expansion (Godara, Nordon et al. 2008). Therefore, an alternative cell source was 

obtained ï adult stem cells and induced pluripotent stem cells. 

 Adult stem cells can be described as undifferentiated cells resided in mature 

organs and tissues (Sell 2013). The range of potency of adult stem cells varies 

from pluripotency (Jaramillo-Ferrada, Wolvetang et al. 2012), through multi- 

(Bhartiya, Boheler et al. 2013) and oligopotency (Bacakova, Zarubova et al. 2018) 

up to unipotency (Bacakova, Zarubova et al. 2018). Adult stem cells occur within 

the various tissues including e.g. bone marrow, skin, placenta subcutaneous 

adipose tissue or dental pulp (Daniġoviļ, Pol§k et al. 2013). However, not all 

sources are suitable for tissue engineering due to required complex and invasive 

procedures for extraction or presence of a small number of desired adult stem cells 

(Hodgkinson, Yuan et al. 2009). The promising population of adult stem cells 

comprise bone marrow-, adipose-, and hair follicle-derived stem cells 

(Hodgkinson, Yuan et al. 2009). Moreover, stem cell populations derived from 

one location should be heterogeneous ï e.g. hematopoietic and also mesenchymal 

stem cells should be derived from the bone marrow (Hodgkinson, Yuan et al. 

2009). Among all adult stem cells, mesenchymal ones are of great interest. They 

are located in various tissues including adipose tissue, skin, skeletal muscle or 

lung (Dvorakova, Hruba et al. 2008). They are able to differentiate into various 

cell types and have potential e.g. in bone (Toosi, Behravan et al. 2018), cartilage 

(Li, Truong et al. 2018), myocardium tissue engineering (Roura, Galvez-Monton 

et al. 2017). Moreover, they are really promising in dermal tissue regeneration 

based on their capability to stimulate scar-less wound healing (Jackson, Nesti et 

al. 2012, Li, Wang et al. 2015). 

The milepost in the field of tissue engineering was passed in 2006, when 

Takahashi and Yamanaka reprogrammed somatic, already differentiated, cells to 

an embryonic-like state by introducing transcription factors Ocr3/4, Sox2, c-Myc 

and Klf4 and referred them to induced pluripotent cells (Centeno, Cimarosti et al. 

2018). Several techniques utilizing to reprogramming of differentiated cells exist. 

Currently, viral transfection utilized by Takahashi and Yamanaka is being 

abandoned today and novel delivery systems have been already described. These 

systems comprised non-viral vectors (e.g. human artificial chromosome vector 

(Hiratsuka, Uno et al. 2011), or nanoparticle carriers (Lee, Kim et al. 2011), or 

small chemical molecules (primarily inhibitors of specific signalling pathways 

such as valproic acid or 5Ë-azacytidine) (Rony, Baten et al. 2015).  Moreover, it 

has been already described that pluripotent stem cells express a characteristic set 

of noncoding RNA (e.g. micro RNA), which is involved in the regulation of gene 

expression influencing unique stem cell cycle (Sherstyuk, Medvedev et al. 2018). 

This noncoding RNA is also known to influence pluripotency (Gonzalez, Boue et 

al. 2011) and, therefore, it should represent a useful tool of cell reprogramming 

process (Leonardo, Schultheisz et al. 2012). 



21 

7. TECHNIQUES OF CELL CULTIVATION 

Since introducing in vitro cell cultivation technique, the standard (two 

dimensional (2D)) cell cultivation has been utilized. It represents technique, in 

which cells grow in a monolayer on a flat bottom of tissue culture, mostly 

polystyrene, plastic flask or plate (see Figure 7). However, these 2D methods do 

not reflect the natural physiology of the cell. Therefore, a novel 3D cell culture 

has been developed to approach more natural microenvironment of cells in a 

living system (Haycock 2011). The 3D cell culture creates an artificial 

environment in which biological cells are permitted to grow or interact with its 

surroundings in all three dimensions (Antoni, Burckel et al. 2015). Several various 

methods have been developed for this purpose and have enabled the improvement 

in cell culture research. These methods could be formally divided into scaffold-

free systems (culturing spheroids using the hanging drop technique or spheroid 

microplates) or scaffold-based systems.   

 

 
Figure 7. The cultivation flasks with mouse embryonic fibroblasts NIH/3T3 during 

cultivation in the incubator. Source: Cell biology laboratories, Centre of polymer 

systems, Tomas Bata University in Zlin. 

 

Traditional and still routinely utilized ñ2Dò monolayer cell culturing methods 

are insufficient for tissue engineering demands (Edmondson, Broglie et al. 2014). 

The main disadvantage of standard 2D cultivation is that the cells grow in a 

monolayer on a flat substrate. However, this is unnatural for the cells in the living 

organism, in which almost all cells are surrounded and in contact in all three 

dimensions with other cells and/or with ECM produced by neighbouring cells 

(Edmondson, Broglie et al. 2014). Thus, the cells culturing in 2D manner exhibits 
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significant structural differences in comparison to in vivo conditions. In general, 

the cells are flattened and strained (Knight and Przyborski 2015). This is a general 

problem of science as the holistic approach is not possible to be used and 

reductionism must be applied. Thus, although it is known that cultivation of cells 

on 2D surfaces are far from the in vivo conditions, the scientist must use this 

approach for decades because of lack of scaffolds (3D) and cultivation techniques 

(bioreactors).  

The huge differences between the 2D and 3D cultivation can be seemed from 

the different morphology of cells (see Figure 8). The differences between both 

cultivation methods are aptly described in a review by Knight and Przyborski 

(Knight and Przyborski 2015). In conventional 2D cultivation, cells create 

monolayer and are flatter. In contrast, cells adopt a natural structure in all 

dimensions in 3D cultivation. Moreover, cell-cell interactions in standard 2D 

cultivation methods are limited to the periphery of cells (only in axes x and y), 

contrary to 3D cultivation techniques, where cell-cell interactions can be 

conducted in all directions (also axe z). All mentioned facts can be observed in 

Figure 8B, in which confocal images of a single fibroblast cell are depicted. The 

cell under 2D cultivation condition are unnaturally flat (see visualization from the 

side).   

It should seem like a non-essential factor, but this shift in natural morphology 

influences the spatial organization of the cell surface receptors participated in cell-

cell interactions. Therefore, it can also affect the outside-inside signal 

transduction pathways and this impact can finally lead to modified gene 

expression and altered cell physiology (Edmondson, Broglie et al. 2014). Thus, 

the construction of regenerate tissue and organs in 2D manners is impossible.  
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Figure 8. The differences between the cell morphology in ñ2Dò and 3D cultivation 

conditions (Knight and Przyborski 2015). 

 

Based on improved techniques, several pilot studies have focused on the 

description of cellular behaviour divergence in 2D versus 3D models from 

different angles. Hakkinen et al. in their study compared fibroblastsË behaviour in 

four types ECM under 2D and 3D conditions. Fibroblasts observed in 3D matrices 

were more spindle-shaped, had fewer lateral protrusions and reduced actin stress 

fibres than on 2D ones (Hakkinen, Harunaga et al. 2011). The influence of 3D on 

cell differentiation has been also investigated. Petrakova et al. studied the effect 

of cultivation conditions on the differentiation of endodermal cells. Under 2D 

cultivation, the cells remained in an undifferentiated state, contrary to 3D 

cultivation, during which cells underwent differentiation in the absence of any 

additional stimulation by cytokines and growth factors (Petrakova, Ashapkin et 

al. 2012). The different differentiation level of MC3T3-E1 cell line between 2D 

and 3D cultivation conditions was observed also by Li and co-workers. In their 

study, they cultivated the cells under 2D and 3D conditions using the same type 

of material in form of thin film and scaffolds, respectively. The cells cultured 

within 3D scaffolds showed multiple morphologies, depending on e.g. the initial 
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seeding concentration (Li, He et al. 2017). Finally, Bellis et al. described the 

activation of a distinct set of transcription factors in the case of 2D model 

compared to 3D one (Bellis, Bernabe et al. 2013). Moreover, it should not be 

omitted, that certain cell cultures are sensitive to mechanical (Santos, Bakker et 

al. 2011) or electrical stimulation (Balint, Cassidy et al. 2013). It has been already 

described, that electrical stimulation is required to evoke high-level differentiation 

of induced pluripotent stem cells into cardiomyocytes (Amirabad, Massumi et al. 

2017). The medium flow should also influence cellular behaviour (Meinel, 

Karageorgiou et al. 2004). For example, the medium flow perfusion is an essential 

factor in the engineering of the bioartificial liver (Pekor, Gerlach et al. 2015, 

Starokozhko, Hemmingsen et al. 2018).  

Therefore, scientists and material engineers have made a huge effort to create 

the device providing the cells the appropriate environment, which is closer to 

natural (in vivo) one. One of the key components of 3D cell culturing is a 

bioreactor. 

7.1. Bioreactors 

A bioreactor is a general term applied to a closed culture environment that 

enables control of environmental or operation variables that affect biological 

processes (Chaudhuri 2005). In biotechnology, the bioreactors (in this branch also 

called fermenters) are used for prokaryotic cells cultivation and subsequent to the 

production of enzymes or other proteins.  

For the demands of tissue engineering, the bioreactors are utilized to give 

controlled and reproducible cell cultivation conditions (Chaudhuri 2005). They 

enable the dynamic cell cultivation, which assumes the cells the homogenous 

concentration of nutrients, oxygen and other required elements as well as the toxic 

by-products removal and pH level preservation. This is allowed due to continuous 

culture media mixing or perfusion. Contrary to dynamic cultivation in a 

bioreactor, during static cultivation (cultivation in cultivation flasks or plates, 

nutrient supply and waste removal are driven only by diffusion) the concentration 

gradient of all indispensable components in culture medium could appear during 

the time period between culture medium exchanges. This un-natural environment 

(the sufficient nutrient support and toxic by-product removal are provided by 

capillary bed7 inside each living system) leads to an alteration in cellular 

behaviour.  

Three dimensional cell culturing in the bioreactor (in fact, as tissue regeneration 

is a dynamic process ongoing during the time, it could be defined as an issue of a 

four-dimensional challenge) mimic the in vivo cellular behaviour and therefore 

purvey more physiologically relevant outcomes (Edmondson, Broglie et al. 2014). 

                                           
7 Capillary bed is a network of capillaries in a living system (Barral, J.-P. and A. Croibier 

(2011). General organization of the cardiovascular system. Visceral Vascular Manipulations. 

Oxford, Churchill Livingstone: 3-26.). 
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From this point of view, the bioreactors should be considered as an intermediate 

step between the traditional static cell cultivation and natural in vivo cell 

existence.  

Moreover, besides the appropriate amount of the spectrum of biochemical 

components contained in the culture medium, certain cells require also different 

physical stimuli based on the function of complete tissue, e.g. shear stress, 

mechanical or electrical stimulation. As a good example, the cells of cartilage 

should be mentioned. The cartilage in a natural state is exposed to mechanical 

compression (Tran, Cooley et al. 2011). The tissue is repeatedly compressed and 

cells are exposed to fluid shear stress developed by pressurization of the internal 

fluid. By virtue of this knowledge, the suitable bioreactor with mechanical loading 

was constructed (Tandon, Marolt et al. 2013). The modern bioreactors can 

mediate all of the mentioned stimulation.  

 Several general types of bioreactor exist for the purpose of tissue 

engineering application. There are three basic bioreactor types including spinner 

flasks, perfusion bioreactor and low gravity bioreactor (Chaudhuri 2005). 

7.2. Spinner flasks  

The most simple and still abundantly utilized bioreactor type is spinner vessel. 

This type should be described as a vessel (often simple cylindrical glass flask) 

filled with the culture media, which is inoculated with the cells. The culture 

medium is continuously mixed by the stirring element placed at the bottom of the 

vessel (Chaudhuri 2005). Besides it has been still widely used, this bioreactor 

arrangement has two very important disadvantages (Massai, Isu et al. 2016). The 

results of cell culturing should be affected by the cells collisions with the stirring 

element and also with the scaffolds that are also suspended in the culture medium. 

Another factor is shear stress caused by the stirring. For this reason, the upper 

limit to the intensity of mixing is specified (Chaudhuri 2005). Several 

mathematical approaches utilizing commercial software, e.g. FLUENT, are used 

to simulate the flow field under given operation conditions (Sucosky, Osorio et 

al. 2004). The wavy profile of the vessel is commonly used for reduction of the 

turbulence effect occurred in the cylindrical flask (Hutmacher and Singh 2008). 

Overall, the agitation speed must be optimised for specific cell type to obtained 

required cellular behaviour. For example, the expansion of induced pluripotent 

stem cells and maintain its differentiation capability depends on the really narrow 

range of spin rates (Gupta, Ismadi et al. 2016). 
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Figure 9. Spinner flask (Gupta, Ismadi et al. 2016). 

 

7.3. Perfusion bioreactors 

The substantial advantage of the second model, bioreactor with the cultivation 

medium perfusion, is minimal concentration gradient and efficient nutrient 

support. The mixing of cultivation medium is substituted by continuous medium 

perfusion through a scaffold seeded with cells (Chaudhuri 2005). The scaffold is 

firmly fixed inside the bioreactor chamber to restrict its movement inside the 

bioreactor chamber and to secure the correct function of the bioreactor. Rohar and 

co-workers studied the effect of the direct medium flowing through a porous 3D 

scaffold with pre-cultured cells. For this purpose, they utilized the typical perfused 

bioreactor consisted of a scaffold holder, an oxygenator, a medium reservoir and 

a peristaltic pump, and described the 3D neovascularization promotion under flow 

conditions (Zohar, Blinder et al. 2018). 
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Figure 10. Continuous flow perfusion system from Synthecon Incorporated. Source: 

Cell biology laboratories, Centre of polymer systems, Tomas Bata University in Zlin 

 

7.4. Low gravity bioreactors  

As low gravity bioreactor is used in the practical part of the thesis, this section 

will be described in more detail compared to others. The rapid development in 

space engineering has also caused the growing interest of natural scientists in 

research accomplished in the space environment. This research has also been 

supported with a national agency, e.g. National Aeronautics and Space 

Administration (NASA) supported the research based on the study of zero gravity 

on cell morphology (Chaudhuri 2005).  

Moreover, the morphology is not the only aspect influenced by microgravity8. 

A lot of research papers focused on the effect of microgravity on the behaviour of 

various cell type have been published. The modulation of gene expression and 

consequent protein synthesis, signalling pathways or structured organization has 

been previously described (Chaudhuri 2005). Furthermore, changes in the 

                                           
8 Contrary to physics, in regenerative medicine the term ñmicrogravityò (or ñmicro-g 

environmentò or ñ1 gò) is frequently used as a synonym of ñweightlessnessò and ñzero-gò, 

which indicates that the g-forces are not actually zero but just ñvery smallò (Herranz, R., R. 

Anken, J. Boonstra, M. Braun, P. C. M. Christianen, M. de Geest, J. Hauslage, R. Hilbig, R. J. 

A. Hill, M. Lebert, F. J. Medina, N. Vagt, O. Ullrich, J. van Loon and R. Hemmersbach (2013). 

"Ground-Based Facilities for Simulation of Microgravity: Organism-Specific 

Recommendations for Their Use, and Recommended Terminology." Astrobiology 13(1): 1-17.).  








































































































































































































































