
 

INSTYTUT PODSTAWOWYCH PROBLEMÓW TECHNIKI 

POLSKA AKADEMIA NAUK 

 

 

 

ROZPRAWA DOKTORSKA 

Termowrażliwe hydrożele napełniane bioaktywnymi nanowłóknami jako 

rusztowania dla inżynierii tkankowej 

 

 

Thermosensitive hydrogels loaded with bioactive nanofibers as scaffolds for 

tissue engineering 

 

mgr inż. Beata Niemczyk-Soczyńska 

 

 

 

Praca wykonana w Samodzielnej Pracowni Polimerów i Biomateriałów 

pod kierunkiem Prof. dr hab. inż. Pawła Łukasza Sajkiewicza 

Promotor pomocniczy: dr inż. Arkadiusz Gradys 
 

 

 

 

 

 

WARSZAWA 2023 



 

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Badania prowadzone w ramach niniejszej pracy doktorskiej były częścią projektu 

PRELUDIUM o numerze 2018/29/N/ST8/00780 finansowanego przez Narodowe 

Centrum Nauki oraz projektu POWER Och! DOK o numerze POWR.03.02.00-

00-1028/17-00 realizowanego w ramach Programu Operacyjnego Wiedza 

Edukacja Rozwój 2014-2020 oraz współfinansowanego ze środków 

Europejskiego Funduszu Społecznego. 

 

 

 

 

 

 

 

 

 



 

3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Składam serdeczne podziękowania  

Prof. Pawłowi Sajkiewiczowi za podjęcie się opieki, cierpliwość, wyrozumiałość 

oraz nieocenioną pomoc merytoryczną podczas przygotowywania rozprawy. 

Dr Arkadiuszowi Gradysowi za przekazaną wiedzę, poświęcony czas, cenne 

uwagi oraz zaangażowanie w realizację badań. 

Wyrazy wdzięczności koleżankom i kolegom z Samodzielnej Pracowni 

Polimerów i Biomateriałów za wsparcie merytoryczne, jak również wszelką 

życzliwość. 

Pracę dedykuję Mężowi oraz Rodzicom, którzy do końca we mnie 

wierzyli i zawsze mnie wspierali. 



 

4 
 

Spis treści 

Abstract .................................................................................................................................................... 5 

1. Introduction ...................................................................................................................................... 6 

2. Aim of the study ............................................................................................................................... 9 

3. Hypothesis ...................................................................................................................................... 10 

4. Materials ......................................................................................................................................... 10 

5. Methods .......................................................................................................................................... 13 

5.1. MC and MC/AGR characterization ............................................................................................ 13 

5.1.1. Differential scanning calorimetry (DSC) ............................................................................. 13 

5.1.2. Dynamic mechanical analysis (DMA).................................................................................. 13 

5.1.3. Biocompatibility studies ....................................................................................................... 14 

5.1.4. Degradation rate .................................................................................................................. 14 

5.2. Fabrication of short electrospun PLLA fibers, their modification with laminin and 

characterization ................................................................................................................................. 14 

5.2.1. Electrospinning .................................................................................................................... 14 

5.2.2. Ultrasonic fragmentation of electrospun fibers ................................................................... 15 

5.2.3. Morphology .......................................................................................................................... 15 

5.2.3. Wide-angle x-ray scattering (WAXS) ................................................................................... 16 

5.2.4. Gel permeation chromatography (GPC) .............................................................................. 16 

5.2.5. Water contact angle (WCA) measurements via goniometer ................................................ 16 

5.3. MC/AGR /PLLA/laminin system characterization ...................................................................... 17 

5.3.1. Viscosity measurements via rotational viscometer .............................................................. 17 

5.3.2. Injection ability .................................................................................................................... 18 

5.3.3. Morphology .......................................................................................................................... 18 

5.3.4. Biocompatibility studies ....................................................................................................... 18 

6. Articles included in the publication cycle of the dissertation ........................................................ 19 

7. Summary of articles included in the publication cycle of the dissertation ..................................... 21 

7.1. Injectable hydrogels as novel materials for central nervous system regeneration ..................... 21 

7.2. Crosslinking kinetics of methylcellulose aqueous solution and its potential as a scaffold for tissue 

engineering......................................................................................................................................... 22 

7.3. Hydrophilic surface functionalization of electrospun nanofibrous scaffolds in tissue engineering

 ............................................................................................................................................................ 25 

7.4. Shortening of electrospun PLLA fibers by ultrasonication ......................................................... 26 

7.5. Toward a Better Understanding of the Gelation Mechanism of Methylcellulose via Systematic 

DSC Studies........................................................................................................................................ 28 

7.6. A methylcellulose/agarose hydrogel as an innovative scaffold for tissue engineering ............... 30 

7.7. Methylcellulose/agarose hydrogel loaded with short electrospun PLLA/laminin fibers as 

injectable scaffold for tissue engineering/3D cell culture model for tumour therapies ..................... 33 

8. Conclusions .................................................................................................................................... 36 

9. References ...................................................................................................................................... 37 



 

5 
 

 

Abstract 
The following thesis summarizes the studies on thermosensitive injectable hydrogel 

systems loaded with short electrospun bioactive nanofibers as scaffold for tissue engineering 

applications/3-D cell culture model. The hydrogel system is based on two polysaccharides, 

consisting of methylcellulose/agarose (MC/AGR) solution. The MC crosslinks physically while 

heating near the physiological temperature, while AGR increases the MC thermal crosslinking 

rate and mechanical properties of the hydrogel system. In order to provide both, the extracellular 

matrix (ECM)-mimicking fibrous structure, injectability and biochemical cues, short bioactive 

electrospun poly-L-lactic acid (PLLA)/laminin nanofibers were added to the hydrogel system. 

Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) provided 

information on the MC physical crosslinking mechanism which is, undoubtedly, crucial for 

fundamental knowledge. Additionally, both of these methods showed that AGR addition 

increases the MC crosslinking rate. Addition of AGR also improves MC viscoelastic properties, 

i.e., the final G’ value. Moreover, biocompatibility studies revealed AGR contribution in an 

increased in vitro cellular response and confirmed its non-toxic effect. Optimizing the 

concentration and ratio between MC and AGR enabled the selection of two compositions that 

showed the crosslinking rate, viscoelastic properties, and structure adequate for the best support 

for cell adhesion, proliferation, and differentiation. 

PLLA/laminin nanofibers were obtained via electrospinning, and fibers fragmentation 

took place via ultrasonication. Biochemical cues of short fibers were acquired due to laminin 

incorporation via physical adsorption. In this part, not only obtained fibers were investigated 

but also the short fibers fabrication process was optimized and thoroughly investigated in terms 

of applying different ultrasonication parameters, sonication media and duration of the process. 

Optimizing the short fibers fabrication process allowed the selection of an adequate sonication 

medium and the relevant fragmentation time. A gel permeation chromatography (GPC) 

demonstrated that electrospinning and ultrasonic fragmentation do not cause polymers’ 

molecular weight degradation, while wide-angle x-ray scattering (WAXS) results showed the 

ultrasonication process could influence PLLA crystallinity. The obtained short PLLA fibers 

morphology was characterized via Scanning Electron Microscopy (SEM) and the fibers’ 

average length was in the range of 40-60 μm. 

The short PLLA fibers were functionalized with laminin - native ECM protein - via physical 

adsorption. Water contact angle (WCA) measurements and bicinchoninic acid assay showed 
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that the greatest amount of the protein was incorporated into the PLLA short fibers that had 

previously been treated with ethanol.  

The ultimate MC/AGR hydrogel loaded with short PLLA/laminin fibers was 

characterized in terms of viscosity, injection ability, morphology and the cellular morphology 

of L929 fibroblasts, LN-18, and WG-4 glioma cells. The viscosity tests indicated the shear-

thinning character of the MC/AGR systems, which increases its tendency with the thermal 

crosslinking of the hydrogels. Higher viscosity was also observed after short fibers addition to 

the hydrogel. The injection ability measurements of dynamic glide forces and maximum forces 

indicate that, depending on the injection rate, hydrogels loaded with short fibers could be 

injectable via 23G needle. Morphology of the system mimics the native ECM. This result is 

consistent with the biocompatibility studies, which showed that short PLLA/laminin fibers 

increase the cells-hydrogel interactions, indicated by fast growth and proliferation of fibroblasts 

and WG4 glioma cells. 

The results of the study provide indications that the obtained composite hydrogel is a 

very promising system as a scaffold or a 3-D cell culture model from the perspective of tissue 

engineering. 

1. Introduction 

Tissue engineering is an interdisciplinary field of science focused on implementing 

modern technologies and on the progress of medicine to improve, regenerate or maintain 

desired tissues and restore their functions. Biomaterial scaffolds play a key role in applications 

dedicated to tissue engineering by providing an appropriate environment and support for cell 

adhesion, proliferation, as well as directing cell fate to new tissue formation [1]. The biomaterial 

scaffold should meet specified requirements imposed by tissue engineering. The general ones 

demand materials biocompatibility, controlled biodegradability, desired morphology that 

allows efficient cell infiltration and nutrient transportation, appropriate biochemical and 

mechanical properties that correspond to dedicated tissue. Depending on the type of dedicated 

tissues and their complexity, there could be more specific requirements. For instance, 

biomaterials dedicated to cartilage, bone or neural tissue engineering should provide a faithfully 

extracellular matrix (ECM) imitating environment to withstand newly formed cells' viability, 

enable vascularization, and facilitate proper structural support for cells. 
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The contemporary state of the art in clinical therapies dedicated to such complicated 

tissues as the brain, spinal cord, or cartilage injuries are mainly founded on stimulating surgeries 

and transplantation [2,3]. Nevertheless, they usually are complex, and expensive and lead to 

long-term and painful rehabilitation. Furthermore, such surgeries mostly relieve the pain, but 

regeneration of such tissues as the brain, spinal cord or cartilage still remains quite a challenge. 

A substantial potential alternative of surgeries could be injectable scaffolds, for instance, 

injectable hydrogels. They are introduced into the body using the minimally invasive method 

to get to the hardly available sites such as cartilage, or to avoid damage to especially such 

delicate tissues as the brain and spinal cord, but also to decrease patients’ discomfort [4,5]. Such 

injectable approaches could minimize scarring, be more affordable, and accelerate patients' 

convalescence. 

In recent years, extensive studies on cell-biomaterial relations indicated that cell-ECM 

interactions have an enormous impact on cell fate. It has been found that ECM has inductive 

properties and enables soft tissue reconstruction.  

Structurally native ECM consists of a highly hydrated structure consisting of 

glycosaminoglycans (GAGs), associated with them proteoglycans so called interstitial network. 

The interstitial network is loaded with dense protein fiber meshes, i.e., the basement membrane. 

From the chemical point of view, the major components of ECMs are hyaluronic acid belonging 

to the group of glycosaminoglycans and proteins such as collagen, fibronectin or laminin. From 

a biochemical perspective, a crucial role in cell signaling plays particular peptide sequences 

interacting with integrins present on the cell membrane's surface. In this respect, arginine–

glycine–aspartate (RGD) found naturally in collagen or fibronectin, and valine–alanine–valine 

(IKVAV) occurring in laminin are those sequences, so-called binding sites, that support cell-

ECM integrity, and further tissue regeneration [6 ,7 ,8]. 

 Considering the current needs of tissue engineering and the ECM nature, the 

combination of hydrogels and bioactive nanofibers seems to be an attractive approach in the 

area of scaffold for tissue regeneration. 

Hydrogels are polymers that form 3-D highly hydrated polymeric networks by the 

unique ability of water absorption and retention in the structure. They are highly attractive from 

the biomedical perspective due to excellent biocompatibility, easy processing ability, and 

structural resemblance to native ECM, to the interstitial network particularly. Moreover, some 
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of them could be rapidly introduced into injured tissue (up to 5 minutes) by injection filling the 

irregular shape of lesions and increasing effective integration with host tissue. Hydrogels could 

be crosslinked chemically or physically depending on their desired properties and potential 

application. Although chemically crosslinked by chemical reactions, materials form permanent 

junctions providing improved mechanical properties, the crosslinking agents are usually 

cytotoxic for living cells. The physical crosslinking based on ionic bonds, hydrogen bonds, 

molecular entanglements, or hydrophobic interactions is impermanent and weaker than 

chemical one, but on the other hand, safe for living cells [9,10].  

 One of the hydrogels' drawbacks is the lack of fibrous structure, which is undoubtedly 

important support for cell activity. A proper hydrogel functionalization, for instance by the 

addition of short electrospun fibers is a natural way to overcome that problem. For many years, 

electrospun fibers enjoyed a great interest in biomedical applications. The fibrous scaffolds 

seeded with cells could be implanted to the site of damaged tissue providing its regeneration or 

fibrous mats could serve as drug carriers for drug delivery system applications. It is the result 

of their attractive properties, i.e., the ECM mimicking fibrous structure, biodegradability, 

porosity supporting cell attachment, proliferation and differentiation [11]. Additionally, the 

electrospinning method allows immobilizing signaling molecules easily, obtaining a wide range 

of fiber size from a few manometers to tens of microns, controlling fibers alignment as well as 

using electrospinning methods allows scaling up production rate which is crucial from the 

industry points of view [12]. 

Nevertheless, electrospun fibers could be introduced into the organism by surgery only, which 

narrows their application scope in some fields of tissue engineering. Electrospun fibers 

fragmentation might provide them new properties such as dispersity in liquids, for instance in 

not crosslinked hydrogels, and injection ability at the same time keeping the fibrous structure 

mimicking native ECM fibers. 

Although there are some publications of the conjugation of short electrospun fibers into 

injectable hydrogels, e.g., [13,14], there is still a lack of thorough and systematic investigations 

using such composites. Additionally, most of the short electrospun fibers fabrication techniques 

require some improvements. 

 In this PhD dissertation systematic investigation of unique, yet not described in the 

literature injectable hydrogel/electrospun fibers composite consisting of MC/AGR hydrogel 

loaded with PLLA/laminin short nanofibers was performed. The obtained composite material 
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combined injection ability, thermally induced physical crosslinking, mechanical stability and 

structure mimicking native ECM supporting cell attachment and proliferation. 

2. Aim of the study 

The study was aimed at designing a smart injectable thermosensitive hydrogel system 

loaded with short fibers that could serve as a scaffold for tissue engineering applications. The 

composition and fabrication process should provide material properties, which not only assures 

injectability and in situ crosslinking after injection, but also mimics the ECM. To accomplish 

this goal, it was necessary to select adequate components, their concentration, and ratio, the 

fabrication process and its parameters as well as the methods and methodology of materials 

characterization: 

1. Systematic investigation of MC hydrogel at various solution concentrations in order to select 

optimal MC hydrogel concentrations from the perspective of the crosslinking rate, viscoelastic 

properties, and cellular response. 

2. Systematic investigations of various concentrations and ratios of MC and AGR solutions and 

selection of optimal proportions of MC/AGR systems. Characterizing the hydrogel system in 

terms of thermal effects, crosslinking rate, viscoelastic properties, as well as biological 

properties. 

3. Electrospinning of PLLA nanofibers, their ultrasonic fragmentation, and subsequent 

functionalization with laminin. Characterization of short bioactive electrospun nanofibers as 

regards structure, wettability, amount of immobilized protein, and distribution in hydrogel 

solution. 

4. Optimization of the proportions, i.e., concentrations and contributions in the solution, 

between particular components of hydrogel, i.e., MC and AGR, as well as short bioactive 

PLLA/laminin fibers to obtain the injectable material with proper ECM-mimicking structure 

that was the best support and environment for the functioning and proliferation of cells. 

Characterization of the composite in terms of viscosity, injectability, and biological properties, 

to assess its value from the perspective of tissue engineering and 3-D tumor culturing model. 
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3. Hypothesis 

 

The following scientific hypothesis was stated: there exists an optimal chemical 

composition and a fabrication process to obtain a smart thermosensitive injectable hydrogel 

composite made of MC/AGR solution with the addition of PLLA/laminin short electrospun 

fibers, which fairly mimics the native extracellular matrix and may be suitable for tissue 

engineering applications and their derivatives, e.g., 3-D cell culture models. 

4. Materials  

The hydrogel system consists of two polysaccharides: methylcellulose and agarose. MC 

is a well-known smart stimuli-responsive material that under the change of temperature 

undergoes a reversible sol-gel transition. Moreover MC is nontoxic, easily processable, stable 

in physiological conditions, FDA-approved and biocompatible. In MC, methylated cellulose, 

hydroxyl groups are substituted with methoxy groups (-OCH3). Such modification, contrary to 

classic cellulose, makes MC water soluble and results in physical crosslinking during heating. 

MC shows an inverse thermal crosslinking nature, manifested by the Lower Critical Solution 

Temperature (LCST). While the material is below the LCST, it is fully miscible with the solvent 

in all proportions, forming a homogeneous solution (sol). On the other hand, while the material 

is heated above the LCST, it shows only partial liquid miscibility, and the phase separation 

occurs due to changes in molecular interactions.  

Thermodynamically, the separation between the two phases results from the negative 

entropy of mixing between the polymer and the solvent. This entropy component increases with 

temperature, counteracting the favorable enthalpy contribution that is caused by formation of 

the hydrogen bonds between hydrophilic components of the polymer and the surrounding water 

molecules. Upon reaching the temperature at which the entropic term predominates, the 

hydrated conformation, present at low temperature, changes to a contracted conformation, 

minimizing contact with water, and the contracted polymer coils start aggregating into larger 

structures. In a result, polymer-polymer interactions dominate in the solution and form a three-

dimensional hydrogel network resulting in the formation of gel [15, 16, 17].  

Depending on materials properties, i.e., substitution degree of -OCH3 groups, materials 

concentration, or additives such as salts but also on the heating rate, the LCST occurs for MC 

in the range of c.a. 30-80 °C [9].  
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While the MC solution is heated up near 37 °C, the two-staged crosslinking occurs as a 

consequence of physical interactions. At room temperature, the MC hydrophilic -OH groups 

interact strongly with water molecules, i.e., polymer-solvent interactions. The -OCH3 groups 

are surrounded by so-called “water cages'' providing hydrophobic hydration around 

hydrophobic parts of MC [18, 19]. This results in weak polymer-solvent interactions, and strong 

solvent-solvent interactions prevent MC crosslinking at ambient temperature. While MC 

solution is heated to c.a. 37 °C the water cages are destroyed, which expose -OCH3 groups that 

start to interact with each other increasing the contribution of polymer-polymer interactions in 

the solution. These dependencies characterize the 1st MC crosslinking stage. The subsequent 

heating leads to formation of hydrophobic aggregates and afterward a three-dimensional fibril 

hydrogel network. These interactions are referred to as the 2nd MC crosslinking stage [20, 21]. 

MC has no bioactive receptors providing effective cell-material suitability and 

interactions. Moreover, it needs a long period of time to form a fully thermally crosslinked 3-

D network, thus, AGR was selected as an additive for improving the crosslinking rate and 

viscoelastic properties of MC.  

AGR is a linear polymer made up of repeating agarose units consisting of D-galactose 

and 3,6-anhydro-L-galactopyranose, isolated and purified from agar or agar-bearing marine 

algae. AGR shows diverse thermal crosslinking in comparison to MC, it crosslinks upon 

cooling below room temperature as a consequence of the double helices formation and their 

subsequent aggregation into microcrystalline junctions [22].  

According to the literature [23], the effect of AGR addition resulting in the increased 

MC crosslinking rate may be explained by a strong attraction to the AGR chains of the water 

molecules, which detach from the MC chains during the water cages breakage. Additionally, 

the interpenetrating MC and AGR chains lead to higher density of the hydrogel network 

enhancing the polymer-to-polymer chains interactions and mechanical properties.  
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a) 

 

b) 

  

Figure 1. Chemical structure of a) methylcellulose [24], b) agarose [25]. 

The third component, which was loaded into the hydrogel system, consisted of short 

electrospun PLLA/laminin fibers. The PLLA is an aliphatic polyester, which is broadly used 

for electrospinning of scaffolds for tissue engineering applications. This polymer and PLLA-

based scaffolds characterize great biocompatibility, biodegradability, structure, and stiffness 

similar to some types of native tissues, e.g., nerve tissue [26]. Moreover, PLLA is characterized 

by glass transition temperature (Tg) above room temperature, thus, the electrospun PLLA fibers 

were selected for the study due to their relative brittleness, which enables efficient fiber 

fragmentation by ultrasonication. Additionally, PLLA fibers' surface could be easily 

functionalized with proteins containing signaling molecules allowing overcoming the 

biochemical inertia characteristic for unfunctionalized aliphatic polyesters. For this purpose, 

one of the key ECM components of laminin providing IKVAV (Ile-Lys-Val-Ala-Val) signaling 

molecules was immobilized to the surface of fibers. Laminin, as a major compound of ECM 

basement membrane, by the presence of IKVAV groups, strongly affects cellular adhesion, 

morphology, growth, migration, and proliferation [27]. The presence of the protein on PLLA 

short fibers surface furthermore increases their hydrophilicity. It is well-known that laminin 
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presence efficiently regenerates nerves, i.e., injured axons and efficiently binds Schwann cells 

[28, 29]. Moreover, some recent findings suggest laminin natively occurring in cartilage is 

responsible for tuning such chondrocyte activities as adhesion, migration and proliferation [30]. 

Literature reports, e.g., [31, 32] suggest the scaffolds' functionalization with laminin could 

provide their increased bioactivity through increased activity of cartilage-forming cells. 

 

Figure 2. Chemical structure of PLLA. 

5. Methods 

5.1. MC and MC/AGR characterization 

5.1.1. Differential scanning calorimetry (DSC) 

DSC is a method that registers changes in the heat flow that come to/from a sample as 

a function of time/temperature, enabling detection of thermal effects accompanying a phase 

transition. It was used to detect the thermal effects during the MC crosslinking in order to 

investigate the process, including its kinetics along with the effect of AGR addition. The details 

of the DSC procedures were described in particular papers. 

5.1.2. Dynamic mechanical analysis (DMA) 

 DMA is a method that characterizes the polymer's viscoelastic properties by measuring 

the materials response to applied sinusoidal oscillatory force (stress σ) in the form of materials 

strain (ε). In DMA two main parameters are measured: the storage modulus (E’) and the loss 

modulus (E”). The first one is characteristic of elastic materials and measures the energy stored 

by materials. The second one is characteristic of viscous materials and measures energy 

dissipated by the material.  

DMA allowed for estimating the dependence between MC concentration, its 

crosslinking rate and the hydrogels' final viscoelastic properties (stiffness). The storage and loss 

modulus were defined for shearing as G’ and G”, respectively. Usually, the G’ and G” curves 
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intersection followed with G’ advantage over G”, indicates the crosslinking point of the 

materials [33]. Since intersection points have not been registered but the G’ dominance over G” 

was visible, the crosslinking rate was determined from the time derivative of G’. Additionally, 

the method allowed to evaluate the material's stiffness as the final G’ of the hydrogel. 

5.1.3. Biocompatibility studies 

The biocompatibility studies were conducted to evaluate materials cytotoxicity, cellular 

morphology and distribution on Mouse Fibroblasts (L929) and Human Bone-Marrow Derived 

Mesenchymal Stem/Stromal Cells (hBM-MSCs) after 1, 3 and 5 days to assess MC hydrogels 

value as biomaterials.  

The cytotoxicity test was conducted on extracts using Presto Blue assay. In this respect, 

various hydrogels extracts were added to wells with cells and after 1-3 days cellular viability in 

comparison to TCP was analyzed. The obtained cell viability was analyzed according to the EU 

ISO 10993-5:2009 “Biological evaluation of medical devices: —Tests for in vitro cytotoxicity” 

standard for biological safety assessments for medical devices and their intended use. 

The morphology of cells seeded on hydrogels via scanning electron microscopy (SEM) 

and fluorescence microscopy (FM) showed fibroblasts infiltrated the hydrogels at some point. 

The infiltration was particularly evident from FM images, where cell density and viability were 

increased in comparison to the control. Depending on FM focusing and hydrogel depth, different 

cell infiltration has been observed. 

5.1.4. Degradation rate 

Degradation tests were performed on selected samples to evaluate whether materials are 

biodegradable, stable in physiological conditions, and whether degradation time is compatible 

with dedicated tissue regeneration. In order to mimic the physiological conditions, the tests 

were performed in PBS at 37 °C . 

5.2. Fabrication of short electrospun PLLA fibers, their 

modification with laminin and characterization 

5.2.1. Electrospinning  

 Electrospinning is a fibrous materials formation method widely used for many kinds of 

polymers in many fields of science and industry. During electrospinning, a syringe pump 
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polymer solution is extruded through the syringe. While achieving the applied high voltage, the 

pendant drop of polymer forms a highly electrified cone jet. Consequently, electrostatic forces 

overcome the polymer solutions' surface tension, and the liquid jet extrudes from the cone. The 

polymer solution jet is stretched, the polymer solvent evaporates, and the polymer micro-

/nanofibers are collected on a collector, which is usually grounded [11]. 

 The electrospinning method was used for fabrication of aligned PLLA fibers. 

   PLLA with various molecular weights of Mw ~ 217− 225 kDa, Mw ~ 260 kDa, and 

Mw ~ 330 kDa was used for electrospinning. The PLLA samples were dissolved in 1,1,1,3,3,3, 

-hexafluoro-2-propanol (HFIP) and electrospun using Bioinicia horizontal setup (Valencia, 

Spain), with the flow rate in the range of 1-2 ml/h and applied high voltage in the range of 12-

14 kV. The fibers were collected on a grounded rotational collector with an electric potential of 

-2kV, achieving high speeds up to 1000 rpm to obtain ultimately aligned fibers. 

5.2.2. Ultrasonic fragmentation of electrospun fibers 

Ultrasonic homogenization is a method that uses high-quality ultrasonic vibration and 

cavitation to generate strong shear forces to break down molecules and droplets, leading to the 

reduction of agglomerates in the liquid suspensions and provide homogeneous dispersions in 

the solutions [34]. Besides homogenization of solid and liquid suspensions, particle size 

reduction, or intensification of soluble dissolution, the method is perfect for some electrospun 

fibers fragmentation, which was used and described in this study.  

5.2.3. Morphology 

 Scanning electron microscopy (SEM) is widely used to image microstructures' surfaces. 

Through the interaction of the electron beam with the atoms of investigated material, a virtual 

image is created that reflects the sample's topography or determines the elemental composition 

depending on the detector used. 

 The method was used to study electrospun fibers and fragmented fibers morphology, 

i.e., alignment, average diameter and length as well as corresponding distributions. 

Additionally, the ImageJ software with the Fiji directions plugin was used to evaluate fiber 

alignment, average diameter, and length distribution. The plugin generated fiber orientation 

histograms showing the number of fibers in a given direction in the analyzed SEM image using 
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the Fourier image analysis method [35]. While the parameters of average diameter and length 

distributions were calculated by means of 100 fibers measurements, the histograms were 

generated and subsequently fitted with Gaussian/biphasic dose-response functions, of which a 

half-width was designated.  

5.2.3. Wide-angle x-ray scattering (WAXS) 

 The WAXS was used for the evaluation of the crystallinity degree of each PLLA fibers. 

In the study, a CuKα radiation (λ=1.5418 Å) at a voltage of 40 kV, a current of 20 mA, 

in coupled theta, and 2Theta mode was used to register the radial profiles. A diffraction angle 

of 2θ was in the range of 6-30 degrees, the results collection time at the angular point was 1 s. 

From the obtained results, a background scan was subtracted via Bruker evaluation software. 

Subsequently, the scans were analyzed numerically via PeakFit software. The results were 

deconvoluted using Gauss functions for amorphous scattering, while for crystal scattering 

diffraction a Pearson VII function was used. The crystallinity degree was determined as a ratio 

of the area of crystalline diffraction peaks and the overall area in the analyzed range of 

scattering. 

5.2.4. Gel permeation chromatography (GPC) 

GPC, also called Size Exclusion Chromatography (SEC), is a high-performance liquid 

chromatography type that provides information on molecular weight distribution for a particular 

material. GPC involves the relationship between the logarithm value of the molecular weight 

of separated molecules and the volume of elution from the column as a linear correlation. 

 The GPC studies led to evaluate whether number average (Mn) and weight average (Mw) 

molecular weights of PLLA changes after electrospinning and subsequent ultrasonic 

fragmentation.  

5.2.5. Water contact angle (WCA) measurements via goniometer 

 The WCA measurements allow to analyze of the materials’ surface properties, such as 

wettability or surface energy [36]. The most common analysis is sessile drop contact angle 

measurement, in which a droplet is dispensed from the syringe placed perpendicularly to the 

sample surface.  
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 The WCA measurements allowed determining the fibers' surface wettability change 

before and after the hydrophilic functionalization via physical adsorption of laminin. The 

studies were carried out with the sessile drop method, dispensing 2 μl of a deionized water drop. 

The contact angles were measured at 1 s and 3 s. 

5.2.6. Bicinchoninic acid assay (BCA) assay 

 A BCA protocol assumes the reduction of Cu 2+ to Cu+ by residues of cysteine, cystine, 

tryptophan, and tyrosine as well as peptide bonds in proteins while being in an alkaline solution 

[37]. The chelation reaction of two bicinchoninic acid molecules with Cu+ generates purple-

colored products with an intensity adequate to the protein concentration, which presents a strong 

absorbance at 562 nm. The absorbance increases linearly with the protein concentration at a 

wide range of 5-2000 µg/mL. 

In this study, the BCA assay led to quantitatively determining the amounts of laminin 

after its adsorption to the PLLA fibers. The details were described in one of the publications 

included in the cycle. 

5.3. MC/AGR /PLLA/laminin system characterization 

5.3.1. Viscosity measurements via rotational viscometer 

The use of a viscometer allowed for measuring and evaluating studied liquids’ viscosity 

during liquid flow conditions. The viscosity could be investigated via U-tube, falling-ball, 

falling-piston, vibrational and rotational viscometers [38]. In our studies, the rotational 

viscometer was used. Rotational viscometer provides the value of the torque that is required to 

rotate a spindle immersed in a fluid at an applied constant speed. The continuous spindles’ 

rotation allows proper calculations and time-dependent fluid analysis. 

 The measurements via rotational viscometer at two constant temperatures of 22 °C and 

37 °C and various shear rates allowed to study the viscosity of solutions before and after 

physical crosslinking, as well as register changes after short fibers addition. 

The viscosity studies were conducted with applied constant shear rates of 50, 100, 200, 

300, 400, 500, and 500 s -1. The viscosities being out of the measuring range were extrapolated 

numerically using the Carreau regression model, which was well-approximated to the 

experimental values [39].  
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5.3.2. Injection ability 

Injectability was studied to evaluate the practical usability of a hydrogel system loaded 

with short fibers by measuring the force at applied flow rates of 1 ml/min and 0.125 ml/min. 

The maximum force needed to inject the composite material was taken into account during 

further analysis. This maximum force during injection was determined as the value averaged 

from three measurements. The obtained values were compared with the literature value 

considered as reasonable forces to make an injection by humans. 

Injectability studies were conducted using an electronically controlled servo hydraulic 

loading actuator. The measurements were conducted using two measuring ranges of max. 125 

N and max. 1000 N. The syringe loaded with hydrogel solution was attached to a dedicated 

holder, where the tip of the piston touched the dynamometer, while the syringe targeted 

downwards. The hydrogel solutions were extruded through the syringe into hydrogel-simulated 

human tissue, i.e., thermally crosslinked MC hydrogel with mechanical properties similar to 

the native human spinal cord [40].  

All of the measurements were received using an individually prepared dedicated electronic code 

(MTS Systems testing environment). 

5.3.3. Morphology  

 The MC/AGR/PLLA/laminin systems morphologies were investigated using a SEM to 

determine the morphology of short fibers in hydrogels with emphasis on the similarity of the 

composite structure to the native ECM. 

 Prior to imaging, the samples were stored at -70 °C overnight and subsequently freeze-

dried. The freeze-dried samples were sputtered with 8 nm of gold. The images were captured 

at an acceleration voltage of 7 kV.  

5.3.4. Biocompatibility studies 

The MC/AGR /PLLA/laminin hydrogel/short fibers systems were investigated similarly 

to previous biocompatibility studies. In this respect, the cytotoxicity of the composites and 

cellular morphology of L929 fibroblasts were tested after 1, and 3 days according to the EU 

ISO 10993-5:2009 standard to evaluate the biological safety of the proposed approach. 
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Additionally, LN18 and WG4 glioma cell lines were used to evaluate the morphology 

of the cells seeded on the hydrogel system via FM. 
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Table 1. Summary of bibliographic data included in the dissertation. 

Publication 

number 

IF Scores 

MNiSW 
2019 

Scores divided 

by the number 

of co-authors 

Citation 

number 

(Scopus) 

Citation 

number 

(Web of 

Science) 

1  4.551 35 11.7 42 39 

2  3.426 100  20 20 18 

3  4.329 100 33.3 48 42 

4  2.39 100 20 7 7 

5 4.967 100 33.3 5 5 

6 4.036 100 12.5 1 1 

7 4.036 100 20 0 0 

   ∑= 150.8   

 

 



 

21 
 

7. Summary of articles included in the publication cycle 

of the dissertation  

7.1. Injectable hydrogels as novel materials for central nervous 

system regeneration 

The experimental studies were preceded by a thorough literature review related to 

various smart scaffolds dedicated to central nervous system (CNS) regeneration. The 

publication discusses a major problem of central nervous system tissue engineering arising from 

the complex anatomical structure and poor self-regenerating capabilities of the brain and spinal 

cord. Then, the specific neural ECM architecture and mechanical properties of the brain and 

spinal cord are described to note which material properties are being sought for those 

applications. Afterward, the various current scaffold-dedicated neural regeneration approaches 

are discussed considering the fabrication techniques, advantages and disadvantages. The 

literature experimental cited in this review describing materials-neural cell response were 

compared and summarized.  

This review discussed the current trends in polymeric scaffolds for central nervous 

system regeneration: their pros and cons, and the potential to provide brain or spinal cord 

regeneration. The publication put a particular emphasis on smart injectable and non-

injectable hydrogels but also their modifications with different types of micro- and nano-

additives.  

In the review it is concluded that using a single material for such a sophisticated 

application as CNS tissue engineering is insufficient. Thus, combining various materials, for 

instance, hydrogels with nanoadditives may provide synergistic improved effects and new 

properties in previously known and well-described individual materials. This publication 

allowed particular materials selection with specified properties crucial from the central nervous 

system perspective, which was subsequently implemented in the current Ph.D. thesis. In this 

respect, thermosensitive MC/AGR hydrogels loaded with short bioactive electrospun 

PLLA/laminin nanofibers have been chosen as a promising material combination. 
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7.2. Crosslinking kinetics of methylcellulose aqueous solution and 

its potential as a scaffold for tissue engineering 

Since current surgeries can carry the risk of complications, are expensive and in many 

cases lead to a painful recovery and long rehabilitation, injectable hydrogel scaffolds are 

considered to be an interesting transplanting surgery alternatives. Thus, the state-of-the-art in 

tissue engineering is directed toward minimally invasive “smart” approaches [41,42].  

A notable representative of smart injectable hydrogels is methylcellulose (MC), which 

presents a unique property - an invertible thermal crosslinking occurring upon the heating at 

c.a. physiological temperature. Such thermally triggered crosslinking is beneficial from the 

tissue engineering point of view because it eliminates the use of chemical crosslinking agents 

or UV light that could be cytotoxic [23]. The crosslinking rate and viscoelastic (mechanical) 

properties of MC could be easily adjusted by tuning its concentration in a way that could be 

adequate from the perspective of injectability into the body, mimicking native ECM, and is 

mechanically suitable for particular tissues.  

The aim of this study was to assess the effect of MC concentration on its 

crosslinking rate, viscoelastic and biological properties to evaluate its significance as a 

thermosensitive hydrogel for tissue engineering applications.  

For this purpose, a wide range of MC concentrations were systematically studied as regards 

crosslinking using two complementary methods, differential scanning calorimetry (DSC) and 

dynamic mechanical analysis (DMA), as well as biocompatibility studies using Presto blue 

cytotoxicity assay and cell morphological characteristics via SEM and FM.  

The DSC results showed a multi-staged thermal crosslinking of MC with complex 

changes in the thermal effects depending on MC concentration. The registered thermograms 

during heating showed two endotherms corresponding to the two stages of MC crosslinking. 

The prevalent low-temperature effect accompanies the destruction of water cages, while the 

high-temperature effect decreases, and both effects shift toward lower temperatures. 

Additionally, during heating at very low MC concentrations of <2 wt.%, exothermic effects 

were observed before low- temperature endotherm. This unexpected effect was explained as 

delayed water cages formation around -OCH3 groups. Its absence at higher MC concentrations 

was described as inaccessible space in the solution as an effect of more tightly packed polymer 

chains. 
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The thermal effects registered during cooling showed two exotherms, where the high-

temperature exotherm was most likely the effect of hydrophobic network destruction, while the 

low-temperature exotherm was an effect of the formation of water cages around hydrophobic 

molecules of MC. The exotherms registered during cooling indicated the complex 

thermoreversible nature of MC crosslinking. 

The phase diagram showed that below the Tonset of water cages’ breaking (the low-temperature 

endotherm) the MC was in the single-phase sol form, while during water cages’ breaking and 

hydrophobic domains formation (the low- and high-temperature endotherm) the sol-gel 

transition occurred. Above the temperature of hydrophobic domains formation (the high-

temperature endotherm), the fully crosslinked MC hydrogel has occurred. 

The DSC results showed that a low MC concentration, the rates of water cages’ formation, of 

their further breaking and hydrophobic interactions formation, they follow different trends. The 

water cages’ formation rate increased with MC concentration to some extent (<2 wt.%), as a 

result of the increased contribution of MC molecules. Above 2 wt.% MC, the formation of water 

cages does not occur. The water cages' destruction followed by hydrophobic aggregates 

formation are the only processes that take place at higher MC concentrations during heating.  

The rate of water cages’ destruction and hydrophobic aggregates formation decreased with MC 

concentration as a consequence of decreased molecular mobility of MC chains. Furthermore, 

the temperature also influenced the crosslinking rate. The destruction of water cages and 

subsequent hydrophobic domains formation occurring at higher temperatures is faster than at 

lower ones. 

The DSC results outlined here were preliminary, and the further, more systematic DSC studies 

on some points, e.g., on the formation of water cages (exothermic effect), provided a new 

perspective on MC crosslinking. The details are described in Section 7.6. 

The DMA results indicated complex and approximately sigmoidal G’ growth, allowing 

determination of the final G’ of crosslinked hydrogel. For low MC concentrations, the G’ 

changes were ambiguous and not clear, while at higher MC concentrations the curves showed 

smooth G’ growth with an evident plateau.  

The analysis of dG’/dt dependencies showed that the maximum rate of crosslinking is 

highly dependent on applied temperature, heating time, and MC concentration. The complex 

crosslinking observed at small MC concentrations is most likely the effect of relatively large 

distances between methoxy groups, making crosslinking process more difficult. For the higher 

MC concentrations, the time and temperature used were sufficient to create a fully crosslinked 
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network. The high MC concentrations showed rapid initiation and a very stable course of 

crosslinking. It was the effect of more tightly packed MC chains, in which fewer water cages 

were to break and more already formed hydrophobic interactions occurred.  

Similarly to DSC studies, the crosslinking rate k from DMA was determined from half-time of 

transition. The k vs MC concentration showed two local maxima of crosslinking rate at c.a. 3 

and 8 wt.%. 

As expected, the ultimate viscoelastic properties, determined from G’ vs time 

dependencies, increased with MC concentrations. According to the literature reports [43, 44], 

biomaterials' mechanical (viscoelastic properties) should correspond to the native tissues. Thus, 

obtained values were compared with the viscoelastic properties of human tissues. The 

concentrations being in the range of c.a. 2-3.5 wt.% corresponds to the values of the human 

spinal cord. On the other hand, viscoelastic properties of higher MC concentrations, i.e., above 

6.5 wt.% could be applied as scaffolds for human meniscus or cartilage regeneration. 

 For MC concentrations up to 5 wt.% cell viabilities were at acceptable levels as 

nontoxic materials according to EU ISO 10993-5 standard. The biocompatibility studies 

generally showed that fibroblasts seeded on the MC hydrogels stayed viable throughout the 

whole culturing duration. Nevertheless, the MC concentrations and higher added hydrogel 

volumes influenced the metabolic activity and morphology of the L929 cell line. Similarly to 

cytotoxicity tests above 5 wt.% MC hydrogels occurred to be toxic to the cells: it could be an 

effect of limited access to oxygen and nutrients as a result of too high hydrogel viscosity. 

To sum up, the DSC studies of a wide range of MC concentrations revealed a reversible 

complex MC thermal crosslinking through the occurrence of two endotherms representing 

water cages destruction providing the release of hydrophobic -OCH3 groups and subsequent 

formation of the 3-D hydrophobic network between released -OCH3 groups. Considering 

investigated viscoelastic and biological properties the MC concentrations being in the 

range of 2-5 wt.% could be considered to be attractive from the tissue engineering point 

of view. These concentration ranges were chosen for further more advanced 

biocompatibility studies.  
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7.3. Hydrophilic surface functionalization of electrospun 

nanofibrous scaffolds in tissue engineering 

Since one of the assumed goals was the functionalization of short electrospun PLLA 

nanofibers with bioactive protein, i.e., laminin, the preparation of the proper theoretical 

background was required. Most of the aliphatic polyesters including PLLA are hydrophobic 

and biochemically inert, which is an undesirable property from the perspective of tissue 

engineering. Hydrophobic polyester fibers do not provide the biochemical cues, i.e., functional 

groups recognized by cell-binding receptors, that are necessary to provide cell-material 

interaction leading to efficient cell mobility, proliferation, differentiation and then recreating 

the cell’s ECM. Hydrophilic functionalization and functional group activation on materials 

surfaces allow overcoming polyester materials bioinertia. The hydrophilic surface 

functionalization could be divided into pre-, during, and post-electrospinning methods. The first 

one is based on bulk blending with bioactive polymers or proteins, while the second one is 

coaxial electrospinning. The last one, i.e., post-electrospinning functionalization methods only 

refer to the fiber's surface and could be divided into wet chemical and physical treatments.  

The review aimed at the discussion of the chemical and physical post-

electrospinning hydrophilic surface functionalization strategies of polyester nanofibers 

and their subsequent functionalization with bioactive material providing bioactive sites of 

RGD, and IKVAV sequences. In this respect, the pros and cons and the relevance of tissue 

engineering applications of each method were described. 

Wet chemical methods are strong treatments that involve acids or basics or organic 

substances as diamines, that lead to partial breakage of polymeric chain at the place of particular 

groups, e.g., ester bonds in polyesters. Taking into account that chemical functionalization can 

seriously affect deeper layers of the materials, the condition for chemical reactions, e.g., pH, 

temperature, chemical concentration, and the duration of the reaction, need to be strictly 

controlled to avoid changes in polymer bulk properties resulting in a deterioration of materials 

mechanical properties. 

 The chemical methods could be classified into aminolysis, hydrolysis, covalent 

grafting, and plasma treatment. As a result of the wet chemical modification method, various 

reactive groups, e.g., –COOH, –OH, and –NH2 can be formed. Each of these methods were 

described thoroughly highlighting pros, cons and their potential for particular needs. 
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Other types of hydrophilic functionalization methods described in this publication were 

physical ones. They were classified into physical adsorption and layer-by-layer assembly 

(LBL). 

In the publication it was concluded that using a single functionalization method could 

be insufficient for such complex and demanding applications as tissue engineering. Combining 

a few functionalization methods, e.g., aminolysis and subsequent biomolecule immobilization 

or hydrolysis followed with LBL could bring a synergistic effect to improve fibers 

hydrophilicity and biocompatibility by providing biological activity on the surfaces. 

The described topic enabled systematization of the knowledge and was helpful 

particularly during short PLLA fibers modification with laminin via physical adsorption 

(described in detail in 7.7. subsection). 

7.4. Shortening of electrospun PLLA fibers by ultrasonication 

Electrospun nanofibers provide many advantages including high surface-to-volume 

ratio, mimicking of ECM protein fibers and decent mechanical properties. However, their 

morphology is rather 2-D than 3-D, and they could be placed inside the body, by surgery only. 

To overcome those limitations electrospun nanofibers could be shortened to an adequate length 

and mixed with other injectable materials. For instance, the fragmentation of electrospun fibers 

and combining them with injectable hydrogels could provide fibers homogeneous dispersion, 

materials system injectability, adequate mechanical support for cells and ECM-mimicking 

structure. 

This study was aimed at fabrication of electrospun fibers and their subsequent 

fragmentation using ultrasonication. In this publication, a thorough investigation of the 

ultrasonication process parameters and polymer properties on the effectiveness of PLLA 

fibers fragmentation was presented. Specifically, effects of various sonication media, 

duration of fragmentation, and PLLA molecular weight and fiber crystallinity have been 

studied. To refine fibers length distribution, the post-fragmentation process, that was, the 

additional filtration through 40 μm cell strainers, was carried out. 

Electrospinning conditions were tuned in such a way to obtain non-woven allowing for 

the most effective fibers fragmentation. 
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Various sonication media - water, ethanol, and isopropanol were chosen to study the 

effect of the sonication medium on ultrasonic fragmentation efficiency. The results indicated 

isopropanol as the optimal sonication medium, allowing to get the lowest average fiber lengths. 

The analysis of dependencies between polymer media was supported by molecular polymer-

solvent interactions calculations using Hansen solubility parameters. 

 Analysis of the effect of PLLA molecular weight and the duration of the ultrasonication 

process on fiber fragmentation confirmed effectiveness of the method showing that the average 

fiber length decreased with the duration of the process reaching the range of 58 − 70 μm.  

WAXS studies revealed that electrospun PLLA fibers were amorphous, showing clearly 

two amorphous halos indicating two characteristic inter-chain spacings. Moreover, it was found 

the ultrasonication induced crystallization in the fragmented fibers. It was most likely due to 

some heating observed as an increase in the sonication medium’s temperature up to c.a. 40 °C. 

Although the sonication medium was cooled with ice, after longer time its temperature 

eventually increased, inducing the crystallization of the higher molecular mobility of polymer 

chains. 

 The GPC results showed PLLA molecular weight distribution peaks were equivalent 

before and after electrospinning as well as after subsequent ultrasonic fragmentation. The 

results indicated those processes do not lead to the polymer degradation providing important 

information from the perspective of polymers post-electrospinning functionalization. 

 Viscosity studies of the hydrogel system, both pure and loaded with PLLA fibers, 

showed hydrogel stability and slight increase in viscosities after fibers addition. The 

comparison of viscosities values with the viscosity limit of liquid injection via 22G needle, 

showed all of the studied samples were considered to be injectable [45].     

This research allowed the optimization of the fabrication of relatively short PLLA fibers 

by selecting adequate electrospinning and subsequent fragmentation parameters using 

ultrasonic methods without affecting the polymer’s molecular weight. On the other hand, the 

ultrasonication increased the fibers’ crystallinity, which could be prevented by more thorough 

control of cooling during the process, e.g., by cooling with a dry ice instead of ice.  

The ultrasonic fragmentation method expanded the possibilities of potential use of 

electrospun fibers, for instance additives to the hydrogel that provide mechanical support and 



 

28 
 

improve hydrogels morphological similarity to native ECM. 

7.5. Toward a Better Understanding of the Gelation Mechanism of 

Methylcellulose via Systematic DSC Studies 

Although all of the scientists confirm LCST multistep character of MC thermal 

crosslinking (details are described in Section 4), the mechanism alone is still under debate. 

There are many theories explaining MC crosslinking mechanisms such as three gel occurrences 

in phase diagrams, fibrils formation by primary nucleation, and subsequent crystallization or 

destruction of water cages and subsequent hydrophobic three-dimensional hydrogel network 

formation.  

MC crosslinking could be investigated using rheological methods (DMA), macroscopic 

methods such as the inversion of the test tube or thermal analysis techniques, e.g., DSC. 

Rheological method seems to give the most clear information related to the crosslinking process 

from the intersection of storage (G’) and loss modulus (G’’). This intersection corresponds to a 

transition from a fluid-like (viscous) behavior where G''>G' to a solid-like (elastic) behavior 

where G'>G''. For polymers that do not show the intersection point, the crosslinking rate could 

be determined as time or temperature derivative of G’. Generally the method gives clear 

information on materials crosslinking rate but it is challenging to provide hermetic conditions 

preventing hydrogels solvent evaporation. Although there are methods that could help to 

overcome this problem such as using solvent traps, e.g., silicone oil or covering plates, they do 

not work for every polymer risking unreliable results especially during the long-term 

measurements at higher temperatures. The inversion test tube method, although it allows 

macroscopic observation of hydrogel mobility, does not give the possibility to obtain 

information about the structure of the hydrogel (whether the hydrogel is partially or fully 

crosslinked) or the mechanism of cross-linking. 

In the case of DSC method hermetic conditions avoiding water evaporation can be provided by 

using special hermetic rubber sealed pans. The aim of this study was to explain the 

thermally-induced crosslinking mechanism via systematic studies of DSC measurements 

for a wide spectrum of MC concentrations. The aim was achieved by systematic DSC 

investigation of materials with various MC concentrations. Additionally, those investigations 
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provided the answer to the question of whether or not MC is relevant as a thermosensitive 

scaffold for tissue engineering application. 

Our DSC results showed several endotherms during heating and several exotherms 

during cooling. Generally for heating mode two peaks were observed, named as the medium‐

temperature (MT) and the high‐temperature (HT), but for smaller MC concentrations, i.e., <9 

wt.%, there was an additional low-temperature (LT) shoulder, which was taken into account as 

the third peak during numerical deconvolution. This additional peak, although registered by 

other groups, e.g., [46] has not been analyzed and explained in literature reports. The LT peak 

corresponds to the water molecules reorganization in the vicinity of polymer chains at c.a. 50 

℃, i.e., thermally induced spanning water network breaking into smaller water clusters. The 

MT endotherm in the temperature range of 55-70 ℃ corresponds to the polymer-solvent 

interactions, i.e., specific dehydration. So called “water cages” around hydrophobic methoxy 

groups interact with MC hydrophilic parts. At ambient conditions, on the one hand, water 

molecules interact with -OH groups in MC via hydrogen bonding, but on the other hand water 

cages surround hydrophobic -OCH3 groups in MC. The temperature increase induces 

destruction of the hydrogen bonds and subsequent exposure to the -OCH3 groups.  

The HT endotherm occurring at c.a. 65-72 ℃ is related to the intra- and intermolecular polymer-

polymer interactions resulting in formation of the 3-D hydrophobic fibril-like hydrogel 

network. 

In the earlier paper (Section 7.2), the LT peak was not detected. In the present paper, 

the peak was revealed using a much broader temperature range for the DSC measurements and 

improved data analysis. Thus, current results provide an update and amendment of the earlier 

preliminary ones. 

For cooling mode at all of the studied concentrations there were always two exothermic 

peaks. The measurements showed similarly as observed for heating mode, decreasing trends of 

transition heat normalized to the MC mass as a function of MC concentration. The heats of both 

effects normalized to the sample mass mostly increase with the increasing MC concentration 

and both heats extrapolated to zero MC content lead to the same heat. For the heats normalized 

to the MC content, the range of the lowest MC contributions in the solution showed MT and 

HT decrease with increasing MC concentration.  
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Those dependencies suggest the LT peak observed during heating is most likely included into 

the MT peak during cooling. In addition, for the MT and HT peaks during cooling, oppositely 

than for heating, the heat of the HT peak prevailed over the MT peak, indicating the complexity 

of MC gelation. 

Moreover, the results showed that during heating the MT and HT peaks shift toward 

lower temperatures with increasing MC content, but the position of the LT peak remains 

unchanged. Additionally, the heat of the MT and HT transitions increased, while the heat of the 

LT transition slightly decreased with increase of MC content, supporting the conclusion that 

the MT and HT peaks correspond to MC molecular interactions, while the LT peak relates to 

the solvent-solvent interactions. Additionally, those observations were supported with the 

advantage of the LT heat over the MT and HT for small MC concentrations. 

An evident proof that LT effect corresponds to water molecules interactions only, while MT 

and HT effects correspond to MC molecules interaction, resulted from the comparison of the 

ΔH using alternative normalizations - to water and MC content instead of the whole sample 

mass. The ΔH of LT peak increases with the increase of water content approaching the 

extrapolated value at zero MC content, which is practically the same irrespective of the type of 

normalization. While the heats of MT and HT showed more complex dependencies without a 

clear trend. 

 In summary, our DSC systematic analysis showed multistage, reversible MC 

crosslinking arising from LCST nature. Depending on MC concentration, the two or three 

endotherms accompanied the crosslinking effect. The LT has not been previously reported, and 

most likely corresponds to the molecular interactions in a solvent, that are destructions of 

spanning water networks into smaller water clusters. The MT and HT effects accompany 

changes in polymer-solvent and polymer-polymer interactions, respectively. For polymer-

solvent interactions, it is the water cages destruction, while for polymer-polymer interactions, 

it is the formation of three dimensional hydrophobic fibril networks. 

7.6. A methylcellulose/agarose hydrogel as an innovative scaffold 

for tissue engineering 

Although MC has many benefits such as thermally sensitive crosslinking ability near 37 

℃, low costs of material and manufacturing technology, and mechanical properties that are 

easy to adjust by changing its concentration to meet the requirements of the native tissues, like 
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every material it has some disadvantages. One of them is an insufficient crosslinking rate, while 

another is a non-cell-adhesive character [47]. The blending of MC with another biomaterial that 

has greater affinity to water and cell-adhesive nature accelerating MC crosslinking and 

increasing cell-material interactions effectively overcomes this problem. According to the 

literature reports, for this purpose AGR is a suitable candidate [23,48]. 

 Therefore, this study was aimed at investigating the AGR addition effect on the 

MC mechanism and rate of crosslinking, and viscoelastic properties of the hydrogel 

system. Additionally, various concentrations and proportions of MC/AGR hydrogels were 

studied in terms of biological properties to assess their usefulness from the perspective of 

requirements imposed on scaffolds for tissue engineering applications. 

The various proportions and concentrations of the MC/AGR systems were prepared, 

and the thermal effects and crosslinking rate were investigated in a heating mode (-5–100 ℃) 

using DSC and in isothermal conditions at 37 ℃ using DMA. Similarly to the previous studies 

(7.5 subsection), a few endotherms of LT, MT, and HT corresponding to MC crosslinking have 

been observed. It was shown that AGR addition increases especially the heat effects of LT as a 

result of AGR’s higher affinity to water than pure MC. The unclear trend of MT and HT 

dependencies after AGR addition is the effect of mutual interactions between MC and AGR 

that decrease the molecular mobility of polymeric chains and consequently could hamper the 

kinetics of MC crosslinking. The isothermal DMA measurements showed that AGR addition 

provides faster initiation of MC crosslinking and its faster dehydration, but does not increase 

the rate of further steps, i.e., hydrophobic network formation. Additionally, the higher AGR 

contribution in the MC/AGR system ultimately forms stronger hydrophobic interactions 

leading to higher viscoelastic properties of the hydrogel systems at 37 ℃.  

Cytotoxicity Presto Blue assay showed the non-toxic character of the studied materials. 

The cell number determined from the calibration curve showed similar amounts of cells in 

comparison to the control, indicating good potential of MC/AGR hydrogel as scaffold for tissue 

engineering applications. 

Additionally the 2-D and 3-D morphological fibroblasts and mesenchymal stem cell 

observations via fluorescent microscope showed their various distribution and shape depending 

on the MC/AGR concentration, on which surface the cells were seeded. The 3-D images allows 

to see cell distribution in the whole hydrogel volume. On most of the hydrogels, the fibroblasts 
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were equally distributed, except for two concentrations with high content of MC and AGR, 

where round shape aggregates were visible. The viability tests of mesenchymal stem cells 

(hMSCs) showed the cells were alive throughout the whole time of culturing. Most of the 

concentrations show comparable viability with the control. The highest number of the dead 

cells was found for the highest MC/AGR concentrations indicating its negative effect on the 

cell viability. Morphological distribution of the MSCs showed their homogenous suspension in 

all volumes of the hydrogels. In the first day of cell culturing in the hydrogels volume they 

showed a spherical morphology, which according to the literature, e.g., [49] is beneficial for 

embedding cells in hydrogel matrix approaching as a potential injectable cell delivery system. 

It appears that most of the studied hydrogels provide mechanically protecting conditions for the 

cells during the transplantation procedure. Additionally, the viscosity of the MC/AGR hydrogel 

systems enables cell migration within the scaffold providing the settlement of transplanted cells 

in the host tissue. After a longer time of cell culturing, cells showed flattened morphology; 

some of the cells migrated to the bottom of the well, and the time of migration was dependent 

on hydrogel concentration, and thus viscosity.  

Similarly to the L929, the MSCs showed a different round-shaped aggregate 

morphology, while seeded on MC5/AGR5. The reason for the unfavorable morphology of both 

cell lines for higher hydrogels concentration is uneven distribution of the crosslinking, resulting 

in more and less crosslinked areas. In the denser crosslinked areas there could be insufficient 

oxygen availability and decreased possibilities for nutrients and oxygen transportation. 

This study demonstrated that AGR addition initiates MC crosslinking resulting in a 

faster crosslinking rate and increased viscoelastic properties of the hydrogel system. 

Additionally, AGR addition led to obtaining of non-toxic nature of MC/AGR systems and good 

cellular response and adhesion in selected variants of MC/AGR hydrogels. Besides the potential 

of these materials as injectable scaffolds for tissue engineering, they could also be used as the 

injectable cells delivery systems. 

The study allowed to narrow down the research area and select for further studies those 

MC/AGR concentrations that provide a supportive environment for the cells by adequate 

crosslinking rate, mechanical support, good cell adhesion, morphology as well as nutrients and 

oxygen transportation.  
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7.7. Methylcellulose/agarose hydrogel loaded with short 

electrospun PLLA/laminin fibers as injectable scaffold for tissue 

engineering/3D cell culture model for tumour therapies 

The general aim of this study was to design and fabricate a thermosensitive 

injectable hydrogel system loaded with short fibers that provides an ECM-mimicking 

hospitable environment providing adequate biochemical and mechanical cues for cell 

proliferation and differentiation. The potential application of such an approach was 

considered as an injectable scaffold for tissue engineering that could provide cell 

regeneration or a three-dimensional brain tumor culture model for designing innovative 

anti-cancer treatments. 

On the way to the goal of the work, biological modification of short fibers with laminin, 

tuning the hydrogel/short bioactive fibers proportions, evaluation of viscosities, injectability, 

morphology, and most importantly biological properties were carried out. 

Two previously selected MC/AGR concentrations of 3 wt.% MC/3 wt.% AGR and 5 

wt.% MC/3.5 wt.% AGR have been chosen for this study. Additionally, electrospun short PLLA 

fibers with the average fiber length 40-60 μm were functionalized with the native ECM protein 

of laminin via physical adsorption. 

Despite small differences in degradability between samples of different concentrations 

at short times, the complete degradation occurred after 18 days of the observation. 

The BCA assay showed clearly that the highest amount of laminin has been attached to 

the short fibers treated with EtOH. It was the effect of the higher surface area, increased surface 

roughness, and lower surface tension after EtOH treatment as also indicated by the WCA 

analysis.  

The viscosity studies showed the shear-thinning behavior of the hydrogel system which 

was even stronger for thermally crosslinked hydrogel at 37 °C. Shear-thinning is the effect seen 

in polymers as the viscosity decreasing upon applying high shear rates, as a consequence of 

molecular disentanglement and chain alignment along flow direction. As expected, the addition 

of short PLLA fibers to the MC/AGR hydrogel solution increased the viscosity of hydrogel 

systems.  
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Injectability was estimated from the force needed to extrude the solution. The detailed 

parameters of the process were described in subsection 5.3.2. The solution was assumed 

injectable if the maximum force recorded during extrusion was less than 30N, which is assumed 

from literature as the reasonable force used by a human making injection through a 23 G needle. 

In general, the measurements showed an increase of the force with increasing the injection rate, 

particularly at higher flow rates, as well as with increasing the hydrogels concentration and 

addition of short PLLA fibers. The results showed that as expected in the case of hydrogels 

loaded with fibers, an injection with reasonable force needs reduction of the flow rate. 

SEM images showed that fiber-loaded hydrogels were morphologically similar to the 

native ECM of a rats spinal cord [50], or a porcine cartilage [51]. Considering the morphological 

perspective such hydrogels may provide a topographical cues for increased cellular adhesion. 

Biocompatibility studies on L929 fibroblasts showed the non-toxic character. The 

significantly increased cell viability was observed for cells seeded on hydrogel loaded with 

fibers with the highest amounts of laminin in comparison to control. The highest cell number 

and the best spindle-like morphology was observed in laminin-rich hydrogels in comparison to 

the control which is consistent with cellular viability studies. 

The morphologies of LN18 and WG4 glioma cells seeded on hydrogels loaded with 

short fibers and functionalized with laminin showed different shapes. The LN18 cells showed 

round morphology, while WG4 cells showed spindle-like morphology after 1 and 3 days of 

culturing. All of the samples were nontoxic for both cell lines and they infiltrated 

homogeneously to the whole hydrogel volume. The best morphology and distribution of the 

WG4 cells was observed for hydrogel with the highest amounts of laminin. On this hydrogel 

sample cells well-developed lamellipodia with filopodia in comparison to other samples and 

the control. This particular sample could be used as a 3-D cell culture model for studies of 

glioma cell signalization pathways and anticancer therapies. 

To sum up, in this study smart thermosensitive injectable MC/AGR hydrogel loaded 

with short bioactive PLLA/laminin fibers was designed, formed and characterized. The laminin 

was successfully attached to the short electrospun PLLA fibers treated with EtOH resulting in 

bioactive fibers. 
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The hydrogel system showed the shear-thinning character. Injectability tests showed that by 

tuning the applied injection rate, the highly concentrated hydrogels loaded with large amounts 

of fibers could be injected by humans via a 23 G needle in a reasonable manner. 

The hydrogel loaded with short fibers, thanks to the appropriate morphology and biochemical 

cues mimicking native ECM, enhances the cellular response and cell proliferation by increasing 

adhesion to the material. 
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8. Conclusions 

The doctoral thesis allowed for the following conclusions: 

1) The method of formation of a smart thermosensitive injectable hydrogel composite made 

of MC/AGR aqueous solution reinforced with short PLLA/laminin fibers obtained by 

electrospinning, ultrasonication and functionalization with laminin was found feasible. 

2) At the optimal chemical composition, the MC/AGR/PLLA/laminin hydrogel system 

simultaneously provided appropriate injectability, timely in-situ thermal crosslinking, fair 

mimicking of the native ECM, and good cellular response, suggesting the approach could 

be useful for tissue engineering applications or 3-D tumour culture models. 

3) The obtained results provide fundamental knowledge of composite material which could be 

valuable for both materials science and tissue engineering: 

a. The MC crosslinking process was determined as a reversible physical and thermal 

phenomena consisting of two consecutive stages: water cages destruction followed by 

formation of a 3-D hydrophobic network.  

b. Addition of AGR was found to increase the MC crosslinking rate, enhance the 

mechanical properties, and cell-material interactions.  

c. Fabrication method of short PLLA/laminin fibers via electrospinning, ultrasonication, 

and functionalization with laminin, in general, occurred to be highly prospective for 

application in injectable reinforced biological hydrogel systems. 
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Oswiadczenie doktoranta o udziale w publikacji 

naukowej 

Niniejszym potwierdzam, ze moj wklad w przygotowanie puhlikacji or 6 tj. Niemczyk­

Soczynska 8., Gradys A., Kolbuk D., Krzton-Maziopa A., Rogujski P., Stanaszek L., 

Lukomska B., Sajkiewicz P., A methylcellulose/agarose hydrogel as an innovative scaffold for 

tissue engineering, RSC Advances, Vol.12, No.41, pp.2i882-2i894, 2022, obejmowal 

przygotowanie hydrozeli metylocelulozowo-agarozowych, pom1ary reologiczne z 

wykorzystaniem dynamicznej analizy mechanicznej (DMA) oraz analiz<r uzyskanych 

wynikow, cz1rsciowo pomiary efektow cieplnych z wykorzystaniem roznicowej kalorymetrii 

skaningowej (DSC), przygotowanie i analiza trojwymiaro\\ych zdj1rc przestawiaj<tcych rozk!ad 

komorek w hydrozelu z wykorzystaniem mikroskopii fluorescencyjnej, analiz1r statystyczn�, 

jak rowniez przygotowanie dyskusji do uzyskanych wynikow. Ponadto, odpowiedzialna by tarn 

za przygotowanie i redagowanie manuskryptu, opracowanie odpowiedzi dla recenzentow oraz 

pelni!am funkej1r autora korespondencyjnego. 

Podpis doktorantki 
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Podpisy wspolautorow 

- dr inz. A. Gradys

- dr inz. D. Kolbuk-Koniecmy

- dr hab. inz. A. Krzton-Maziopa � (,,,G� t,l-v�--z_

- mgr P. Rogujski

- dr inz. L. Stanaszek

- prof. dr hab. B. Lukomska
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