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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 pum.

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

adsorption. Water contact angle (WCA) measurements and bicinchoninic acid assay showed



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.



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.



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 (-OCHs). 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 -OCHz 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 -OCHz 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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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 (lle-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

12



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.

0 CHa

H
O i
H3CO/)J\I/ Yo

| CHg O I

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 o) in the form of materials
strain (¢). 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 CuKa radiation (A\=1.5418 A) 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 20 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 (M») 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 pl 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 cysteing, 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 ug/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 . 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 IF Scores Scores divided | Citation Citation
number by the number | number number
MNiSW of co-authors | (Scopus) (Web of
2019 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

2,—=150.8
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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 -OCHz 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 1SO 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 -OCH3s groups and subsequent
formation of the 3-D hydrophobic network between released -OCHz 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 IKVAYV 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 —NH> 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 um 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 um.

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, €.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
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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
°C, i.e., thermally induced spanning water network breaking into smaller water clusters. The
MT endotherm in the temperature range of 55-70 °C 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 -OCHz groups in MC. The temperature increase induces
destruction of the hydrogen bonds and subsequent exposure to the -OCHs groups.
The HT endotherm occurring at c.a. 65-72 °C 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
AH using alternative normalizations - to water and MC content instead of the whole sample
mass. The AH 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
°C, 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 °C)
using DSC and in isothermal conditions at 37 °C 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 °C.

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/AGRS5. 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 um 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.

36



9. References

[1] Mo X., Sun B., Wu T., Li, D., Electrospun nanofibers for tissue engineering. In
Electrospinning: Nanofabrication and Applications; Ding, B., Wang, X., Yu, J., Eds.; William
Andrew Publishing: Norwich, NY, USA, 2019, pp. 719-734.

[2] Li X., Katsanevakis E., Liu X., Zhang N., Wen X., Engineering neural stem cell fates with
hydrogel design for central nervous system regeneration, Prog. Polym. Sci., 2012, 37, pp.1105-
1129.

[3] Wu J., Chen Q., Deng C., Xu B., Zhang Z., Yang, Y., Lu, T, Exquisite design of injectable
hydrogels in cartilage repair, Theranostics, 2020, 10(21), 9843.

[4] Pérez-Garnes M., Barcia J. A., Goémez-Pinedo U., Monleon Pradas M., Vallés-Lluch A.
Materials for central nervous system tissue engineering, In Cells and Biomaterials in
Regenerative Medicine, Eberli, D., Ed., InTech: Rijeka, Croatia, 2014, pp. 201-259.

[5] Ryt A., Owczarz P. Injectability of Thermosensitive, Low-Concentrated Chitosan Colloids
as Flow Phenomenon through the Capillary under High Shear Rate Conditions, Polymers, 2020,
12(10), 2260.

[6] Bignami A., Hosley M., Dahl D., Hyaluronic acid and hyaluronic acid-binding proteins in
brain extracellular matrix, Anat. Embryol., 1993,188, pp. 419-433.

[7] Buzanska L., Zychowicz M., Sarnowska A., Domanska- Janik K. Bioengineering of neural
stem cell niche, Postepy Biochem. 2013, 59, pp. 175-86.

[8] Llacua L. A., Faas M. M., de Vos P ., Extracellular matrix molecules and their potential

contribution to the function of transplanted pancreatic islets, Diabetologia, 2018, 61, pp. 1-12.

[9] Khaing Z.Z., Seidlits S.K., Hyaluronic acid and neural stem cells: Implications for
biomaterial design, J. Mater. Chem. B, 2015, 3, pp. 7850-7866.

[10] Aurand E.R., Lampe K.J., Bjugstad K.B., Defining and designing polymers and hydrogels
for neural tissue engineering, Neurosci. Res., 2012, 72, pp. 199-213.

37



[11] Ramakrishna S., Fujihara K., Teo W.E., Lim T.C. and Ma Z. An Introduction to
Electrospinning and Nanofibers, World Scientific Publishing, Singapore, 2005.

[12] Chen S., John J. V., McCarthy A., Xie J. New forms of electrospun nanofiber materials for
biomedical applications, J. Mater. Chem. B, 2020, 8(17), pp. 3733-3746.

[13] Li M., Wu Y., Li H., Tan C., Ma S., Gong, J., Deng H., Nanofiber reinforced alginate
hydrogel for leak-proof delivery and higher stress loading in nucleus pulposus, Carbohydr.
Polym., 2023, 299, pp. 120193.

[14] Wang L., Li T., Wang Z., Hou J., Liu S., Yang Q., Wu, Y., Injectable remote magnetic
nanofiber/hydrogel multiscale scaffold for functional anisotropic skeletal muscle regeneration,
Biomaterials, 2022, 285, pp.121537.

[15] Charlet G., Delmas G., Thermodynamic properties of polyolefin solutions at high
temperature: 1. Lower critical solubility temperatures of polyethylene, polypropylene and

ethylene-propylene copolymers in hydrocarbon solvents, Polymer, 1981, 22(9), pp. 1181-1189.

[16] Charlet G., Ducasse R., Delmas, G., Thermodynamic properties of polyolefin solutions at
high temperature: 2. Lower critical solubility temperatures for polybutene-1, polypentene-1 and
poly (4-methylpentene-1) in hydrocarbon solvents and determination of the polymer-solvent
interaction parameter for PB1 and one ethylene-propylene copolymer, Polymer, 1981, 22(9),
pp. 1190-1198.

[17] Wu D., Cheng J., Su X., Feng Y., Hydrophilic modification of methylcellulose to obtain
thermoviscosifying polymers without macro-phase separation, Carbohydr. Polym., 2021, 260,
pp. 117792.

[18] Haque A., Morris, E. R., Thermogelation of methylcellulose. Part I: molecular structures
and processes, Carbohydr. Polym., 1993, 22(3), pp. 161-173.

[19] Joshi S.C., Lam Y.C., Modeling heat and degree of gelation for methyl cellulose hydrogels
with NaCl additives, J. Appl. Polym. Sci., 2006, 101, pp.1620-1629.

38



[20] Li L., Thangamathesvaran P.M., Yue C.Y., Tam K.C., Hu X., Lam Y.C. Gel Network
Structure of Methylcellulose in Water, Langmuir, 2001, 17, pp. 8062—-8068.

[21] Kobayashi K., Huang C.l., Lodge T.P., Thermoreversible gelation of aqueous
methylcellulose solutions, Macromolecules, 1999, 32, pp. 7070-7077.

[22] Fernandez E., Lopez D., Mijangos C., Duskova-Smrckova M., Ilavsky M., Dusek K.
Rheological and thermal properties of agarose aqueous solutions and hydrogels, J. Polym. Sci.,
Part B: Polym. Phys., 2008, 46(3), pp. 322-328.

[23] Martin B. C., Minner E. J., Wiseman S. L., Klank R. L., Gilbert R. J., J. Neural Eng., 2008,
5(2), pp. 221.

[24] Chladzynski S., Malata G., Sktadniki zapraw klejowych do ptytek. Czes¢ 1I-
Metyloceluloza, 1zolacje, 2008, 3, pp. 30-34.

[25] Tohidinia M., Biabangard A., Noroozifar M., Platinized agarose microspheres as a new
modifier in graphite paste electrodes for the electrochemical determination of 4-aminophenol,
RSC Adv., 2020, 10(5), pp. 2944-2951.

[26] Yang Y., Yin X., Wang H., Qiu W, Li L., Li F., Zhao, Y., Engineering a wirelessly self-
powered and electroconductive scaffold to promote peripheral nerve regeneration. Nano
Energy, 2023, 107, pp. 108145.

[27] Horacek M. J., Thompson J. C., Dada M. O., Terracio L. The extracellular matrix
components laminin, fibronectin, and collagen IV are present among the epithelial cells forming
Rathke’s pouch, Cells Tissues Organs, 1993, 147(2), pp. 69-74.

[28] Koh H. S., Yong T., Chan C. K., Ramakrishna S., Enhancement of neurite outgrowth using
nano-structured scaffolds coupled with laminin, Biomaterials, 2008, 29(26), pp. 3574-3582.

[29] Milner R., Wilby M., Nishimura S., Boylen K., Edwards G., Fawcett J., Pytela, R., Division
of labor of Schwann cell integrins during migration on peripheral nerve extracellular matrix
ligands, Dev. Biol., 1997, 185(2), pp. 215-228.

39



[30] SunY.,Wang T. L., Toh W. S., Pei, M., The role of laminins in cartilaginous tissues: from
development to regeneration, Eur. Cells Mater, 2017, 34, pp. 40.

[31] Francisco A. T., Hwang P. Y., Jeong C. G., Jing L., Chen J., Setton L. A.
Photocrosslinkable laminin-functionalized polyethylene glycol hydrogel for intervertebral disc
regeneration, Acta Biomater, 2014, 10, pp. 1102-1111.

[32] Gilchrist C. L., Darling E. M. , Chen J., Setton L. A. Extracellular matrix ligand and
stiffness modulate immature nucleus pulposus cell-cell interactions, PLoS One, 2011, 6(11),
e27170.

[33] Li L., Shan H., Yue C.Y., Lam Y.C., Tam K.C., Hu X., Thermally induced association and

dissociation of methylcellulose in aqueous solutions, Langmuir, 2002, 18, pp. 7291-7298.

[34] Kusters K. A., Pratsinis S. E., Thoma S. G., Smith D. M. Ultrasonic fragmentation of
agglomerate powders. Chem. Eng. Sci., 1993, 48(24), pp. 4119-4127.

[35]Clemons T. D., Bradshaw M., Toshniwal P., Chaudhari N., Stevenson A. W., Lynch J., lyer
K. S., Coherency image analysis to quantify collagen architecture: implications in scar
assessment, RSC Adv., 2018, 8(18), pp. 9661-96609.

[36] Williams D., Kuhn A., O'Bryon T., Konarik M., Huskey, J., Contact angle measurements
using cellphone cameras to implement the Bikerman method, Galvanotechnik, 2011, 102(8),
pp. 1718.

[37] Ahanotu A., Hynds D., Hanson L. Contribution of Infection with Cytomegalovirus (CMV)
to the Production of Amyloid Precursor Protein (APP) and Alzheimer’s Disease-associated
Beta Amyloid, 2022.

[38] Barnes H. A., Hutton J. F., Walters K., An introduction to rheology, Elsevier, 1989, 3.

[39] Bodnar T., Sequeira A., Prosi M., On the shear-thinning and viscoelastic effects of blood
flow under various flow rates., Appl. Math. and Comput., 2011, 217(11), pp. 5055-5067.

40



[40] Niemczyk-Soczynska B., Gradys A., Kotbuk D., Krzton-Maziopa A., Sajkiewicz P.
Crosslinking kinetics of methylcellulose aqueous solution and its potential as a scaffold for
tissue engineering, Polymers, 2019, 11(11), pp. 1772.

[41] Eslahi N., Abdorahim M., Simchi A., Smart polymeric hydrogels for cartilage tissue
engineering: a review on the chemistry and biological functions, Biomacromolecules, 2016,
17(11), pp. 3441-3463.

[42] Ravichandran R., Venugopal J. R., Sundarrajan S., Mukherjee S., Sridhar R., Ramakrishna,
S., Minimally invasive injectable short nanofibers of poly (glycerol sebacate) for cardiac tissue
engineering, Nanotechnology, 2012, 23(38), pp. 385102.

[43] King R. E., Lau H. K., Zhang H., Sidhu I., Christensen M. B., Fowler E. W., Li L., Jia X.,
Kiick K. L., Thibeault S. L., Biocompatibility and Viscoelastic Properties of Injectable Resilin-
Like Polypeptide and Hyaluronan Hybrid Hydrogels in Rabbit VVocal Folds, Regen Eng Transl
Med., 2019, 5(4), pp. 373-386.

[44] Wu D. T., Jeffreys N., Diba M., Mooney D. J., Viscoelastic Biomaterials for Tissue
Regeneration, Tissue Eng. Part C Methods, 2022, 28(7), pp. 289-300.

[45] Jezek J., Rides M., Derham B., Moore J., Cerasoli E., Simler R., Perez-Ramirez B.,
Viscosity of concentrated therapeutic protein compositions, Adv. Drug Deliv. Rev., 2011,
63(13), pp. 1107-1117.

[46] Nishinari K., Hofmann K. E., Moritaka H., Kohyama K., Nishinari, N. Gel-sol transition
of methylcellulose. Macromol. Chem. Phys., 1997, 198(4), pp. 1217-1226.

[47] Bonetti L., De Nardo L., Fare S., Thermo-responsive methylcellulose hydrogels: From

design to applications as smart biomaterials, Tissue Eng., Part B, 2021, 27(5), pp. 486-513.

[48] Stabenfeldt S. E., Garcia A. J. and LaPlaca M. C., Thermoreversible laminin-
functionalized hydrogel for neural tissue engineering, J. Biomed. Mater. Res., Part A, 2006,
77(4), pp. 718-725.

41



[49] Kim E. J., Choi J. S., Kim J. S., Choi Y. C. and Cho Y. W., Injectable and thermosensitive
soluble extracellular matrix and methylcellulose hydrogels for stem cell delivery in skin

wounds, Biomacromolecules, 2015, 17(1), pp. 4-11.

[50] Ban D. X, Liu Y., Cao T. W., Gao S. J., Feng, S. Q., The preparation of rat’s acellular
spinal cord scaffold and co-culture with rat’s spinal cord neuron in vitro, Spinal cord, 2017,
55(4), pp. 411-418.

[51] ChenY.C.,ChenR.N.,Jhan H. J., LiuD. Z.,,Ho H. O., Mao Y., Sheu M. T., Development
and characterization of acellular extracellular matrix scaffolds from porcine menisci for use in

cartilage tissue engineering, Tissue Eng. Part C Methods, 2015, 21(9), pp. 971-986.

42



ARTICLES INCLUDED IN THE PUBLICATION
CYCLE OF THE DISSERTATION




10P Publishing

Journal of Neural Engineering

J. Neural Eng. 15 (2018) 051002 (15pp)

Topical Review

https://doi.org/10.1088/1741-2552/aacbab

Injectable hydrogels as novel materials
for central nervous system regeneration

B Niemczyk®, P Sajkiewicz and D Kolbuk

Institute of Fundamental Technological Research, Polish Academy of Sciences, Pawinskiego 5b St.,

02-106 Warsaw, Poland

E-mail: bniem @ippt.pan.pl

Received 8 November 2017, revised 30 May 2018
Accepted for publication 11 June 2018

Published 11 July 2018

Abstract

®

CrossMark

Approach. Injuries of the central nervous system (CNS) can cause serious and permanent
disability due to limited regeneration ability of the CNS. Presently available therapies are focused
on lesion spreading inhibition rather than on tissue regeneration. Recent investigations in the field
of neural tissue engineering indicate extremely promising properties of novel injectable and non-
injectable hydrogels which are tailored to serve as biodegradable scaffolds for CNS regeneration.
Objective. This review discusses the state-of-the-art and barriers in application of novel polymer-
based hydrogels without and with nanoparticles for CNS regeneration. Main results. Pure
hydrogels suffer from lack of similarities to natural neural tissue. Many of the biological studies
indicated nano-additives in hydrogels may improve their topography, mechanical properties,
electroconductivity and biological functions. The most promising biomaterials which meet the
requirements of CNS tissue engineering seem to be injectable thermosensitive hydrogels loaded
with specific micro-and nanoparticles. Significance. We highlight injectable hydrogels with
various micro-and nanoparticles, because of novelty and attractiveness of this type of materials for

CNS regeneration and future development perspectives.

Keywords: hydrogels, nanoparticles, injectable, microparticles, nanofibers, central nervous

system

(Some figures may appear in colour only in the online journal)

1. Introduction

The human nervous system is the organ system that, in coop-
eration with the endocrine system monitors and controls most
of automatic processes and activities [1]. Nervous system
consists of the central nervous system (CNS)-the brain and
the spinal cord, and the peripheral nervous system (PNS)—
somatic and autonomic nerves [2, 3]. CNS might be classified
in terms of: main functions, the type of neural cells and the
anatomy. The main functions of the brain are integration and
processing external and internal information obtained from
nerves (e.g. respiratory, sensory, cardiac, motor functions
etc) [1]. Spinal cord is mainly responsible for communication
between the brain and the peripheral nerves—transfers infor-
mation from peripheral nerves about muscles activities to the

1741-2552/18/051002+15$33.00

brain and from the brain to the muscles) [1]. PNS somatic sys-
tem transmits sensory information for CNS, while autonomic
controls automatic functions (e.g. heart beating, blood pres-
sure) [3]. The human brain and spinal cord are made up of the
neurons and glial cells (glia, neuroglia) [4]. A typical neuron
consists of a cell body—soma, dendrites, and axons. Neurons
play the most important role in CNS—transmit impulses to
other cells [5].

Neurons are the basic functional units of the nervous sys-
tem, and they generate electrical signals called action potentials,
which allow them to quickly transmit information over long
distances [5]. Neuroglia cells consist of: astrocytes, oligoden-
drocytes and microglia [5]. Astrocytes are essential to nervous
system function, but compared to neurons, they mostly play
supportive role. They are the most common glial cells of the

© 2018 IOP Publishing Ltd  Printed in the UK
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axon

Figure 1. Schematic representation of: (a) white matter architecture, (b) grey matter architecture.

grey matter, possessing branched prolongations, which occupy
the main piece of the interneuronal spaces. The oligodendro-
cytes provide the myelination of the axons within the CNS to
enable the effective transmission of neural impulses. The micro-
glia consists of few small cells, derived from the mesenchyme,
which invade the CNS in the last stages of fetal development
(during injury microglia transform into phagocytic cells [5, 6].

Traumatic brain injuries (TBI) and spinal cord injuries
(SCI) are the most problematic injuries, because of the lack of
the ability of the adult nervous system for spontaneous, func-
tional regeneration. This leads to major socioeconomic prob-
lem throughout the world [7]. For instance, 577 cases of TBI
per 100000 people per year occurred in the US only, while,
in Europe, the number of patients with diagnosed TBI is esti-
mated at 262 per 100000 [8].

SCI are predominantly associated with irreversible loss of
motor function and happen mostly due to traffic accidents,
pool jumping and falling from heights [9, 10]. In the US, 39
per 100000people were estimated to be SCI victims every
year, while in Europe the amount of SCI cases was 15 per
100000 per year [11].

Regeneration of damaged neural tissue is a considerable chal-
lenge due to its complex anatomical and histological structure
and poor self-healing capability. It is hindered by the presence of
internal factors, which block its reconstruction. As a consequence
of CNS injures, both traumatic injuries or damages such as tumor
formation, scar tissue is formed, resulting in the inhibition of the
regeneration process. TBI usually leads to permanent disability.

TBIs and SCIs often lead to death, and the patients who
survived are suffering from permanent disability [12—15].

Up to this date, there is no effective therapy for TBI and SCIs
(e.g.: [16]). Practiced surgery only inhibited lesion spreading,
while drug therapies have been so far focused mostly on pain
relief [17]. Hence, the goal of CNS tissue engineering is to
design a biomaterial enabling for the effective outgrowth and
differentiation of neural stem cells (NSCs) [18].

This review describes the current trends in polymeric scaf-
folds for CNS regeneration, with emphasis on the newest and
most advanced solutions using injectable hydrogels contain-
ing different types of micro- and nanoparticles.

2. Requirements for biomaterials supporting
CNS regeneration

Injury of CNS generates abundant alterations in cellular sig-
nalling and extracellular matrix (ECM) environment. The

ECM creates 10%—20% of the CNS volume and can have
inductive properties by promoting immune/neural stem cell
infiltration to allow reconstruction of soft tissue [19, 20].
The effective scaffold should mimic the architecture, chemi-
cal composition and mechanical properties of natural ECM
allowing for easy colonization by cells and the regeneration
of axons, as well the reconstruction of damaged blood vessels
without providing an immune response [14, 21].

Another role of the biomaterial used in regeneration is to
avoid traumatic effects of glial scarring on CNS damage [10,
14, 15, 22]. From one side the glial scar inhibit a macrophages
activity and oxidative stress extension [23], but, from another,
the glial scar presence repairs a broken blood-brain barrier
(BBB) and inhibits activity of inflammatory cells—the main
factors providing degeneration of axons [22].

Scaffold morphology, mechanical properties, electrical
conductivity and bioactive additives in nerve tissue regenera-
tion are discussed below.

2.1. Architecture

Anatomically, the brain is composed of the cerebrum, the cer-
ebellum, and the brainstem [1]. From macroscopic point of
view, the human brain consists of two main regions: white
matter and grey matter. Internal white matter is rather homog-
enous and composed of highly aligned, myelinated nerve
fibers, while in external white matter fibers are more disor-
ganized [24]. Grey matter consists mainly of cell bodies and
unmyelinated axons and exhibits highly anisotropic structure/
properties [24], what is presented in the figure 1.

The spinal cord is surrounded by bony spine and anatom-
ically is made up of the spinal nerves which are classified
into dorsal root and ventral root. Similarly to brain, spinal
cord consists of white and grey matter. The composition of
white matter is analogous to the brain, while grey matter
consists of a sensory dorsal horn and a somatomotor ven-
tral horn which both form a characteristic for spinal cord
H-shaped structure [1].

Depending on the specificity of the injured area, material
dedicated to CNS regeneration should follow soft tissue struc-
ture and topography [25-29]. A general consequence of neu-
ral disease or disorder is the disruption of the unidirectional
architecture. Therefore bridging the lesion part should be the
first step in CNS regeneration. A supportive structure mimick-
ing the natural neural structure should be implanted and the
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key functions should be provided (e.g. anisotropic structure is
beneficial for SCI regeneration) [18, 26-29].

Under laboratory conditions, SCs are commonly used to
confirm regeneration ability of the biomaterial [18, 30]. This
is due to the ability of SCs to aid: conduction of nervous
impulses along axons, neural development and regeneration,
trophic support for neurons, production of the neural ECM,
modulation of neuromuscular synaptic activity etc. It was
proved that regenerating axons migrate along SCs, leading
to bridging of nerve gaps [18]. Lack of SCs in the CNS is
the most important barrier for regeneration [23]. Neural pro-
genitor cells (NPCs) cultivation on a surface with anisotropic
structure (biomaterial in form of aligned electrospun fibers)
results in effective proliferation and differentiation into neu-
rons [31].

The high scaffold porosity is responsible for cellular
migration and controlled diffusion of cells metabolites and
medium, being crucial point in cells organization, differ-
entiation and survival [32]. Pores size might be adjusted in
such a way to enable metabolite diffusion, but also appropri-
ate cells adhesion to biomaterial. Dahlin ef al [33] and Yang
et al [34] reported that 90% porosity and pore size ranging
10-100 pm are the most suitable for neural cells (neurons)
growth. Electrospinning process typically allows for the pro-
duction of mats with 85%-90% porosity which is appropri-
ate. Nevertheless in this case their pore size was insufficient
(0.1-0.35 pm) [35]. Sponges obtained by the self-assembly
technique are also characterized by high porosity and their
pore size was appropriate for neural cells (100-400 pm) [36].
Materials formed using the freeze-casting technique have
porosity in the range of 40%—-97% and pore size from 10 pm
to 50 pum [37]. These values do not characterize a desired
environment for neural cells.

2.2. Mimicry of ECM

ECM has inductive properties and allows to reconstruct soft
tissue (infiltrate of immune cells and its degradation prod-
ucts effectively entice host neural stem/progenitor cells) [19].
Beside neurons and glial cells, ECM creates 10%-20% vol-
ume of the CNS [20]. The effective scaffold for CNS regen-
eration should mimic natural ECM in terms of morphology,
chemical composition and mechanical properties to obtain
better cell integrity and environment which do not provide
immune response [14, 21]. ECM structure consists of inter-
stitial network -highly hydrated structure made of linear
polysaccharide chains—glycosaminoglycans (GAGs) and
proteoglycans, and the suitable biomaterial perhaps should
mimic this structure [20, 38].

Chemically, in most of other systems ECM consists of
various proteins such as fibronectin and laminin, but in CNS
their amount is decreased [20]. Hyaluronic acid (HA), pro-
teoglycans and linking proteins form most of ECM space
[20]. An important role in communication between cells
play short, specific peptide sequences which effectively
interact with cell membrane integrin proteins. For instance,
arginine—glycine—aspartate (RGD) derived from fibronectin,

tyrosine—isoleucine—glycine—serine—arginine (YIGSR) and
valine—alanine—valine (IKVAV) derived from laminin promote
better ECM-cell integrity [20, 38, 39]. They might be found
only in natural biomaterials and Ghuman et al [19] confirmed
ECM hydrogel consisted of ECM proteins (laminin, fibronec-
tin) effectively regenerated brain tissue after the stroke. In
order to obtain binding sites in synthetic materials, their modi-
fication is necessary (e.g. by attaching RGD sequences) [40].

ECM mechanical properties (stiffness) are determined
by amount of proteins and proteoglycans, hence might be
adjusted by varying chemical composition [39]. Appropriate
material should has mechanical properties suitable to health
neural tissue to serve as structural support for cells infiltra-
tion. Too stiff material might press on tissue and in effect
inhibit neural cells (axons) regeneration [10]. Ghuman et al
[19] described biomaterial mimicking ECM which promoted
chemotaxis, stem cells differentiation into neurons and were
casily infiltrated by macrophages.

Another important issue is ECM signalling molecules acti-
vation—they attract specific neural cells of host and induce
their regenerative response [19]. In natural neural tissue, elec-
trical transmission between cellular synapses occurs when
informational molecules can pass directly from the source to
the target cell through gap junctions. Astroglia, interconnected
via gap junctions, act as an electrical syncytium, which allows
inter alia spatial buffering of K* and long-range Ca*" waves.
Ca®" waves can affect the metabolism and excitability of the
neurons embedded in the astrocyte network via Ca>* induced
mobilization of glucose from glial glycogen stores, and secre-
tion of neurotransmitters through reduction of free Ca?* in
synaptic clefts, respectively. Overall, communication through
gap junctions appears to be an integral component of the com-
plex cell—cell interactions occurring in central neuronal—glial
networks [31]. This phenomena is used in neural tissue engi-
neering—signaling molecules are activated in proper ECM,
where they attract specific neural cells of host and induce their
regenerative response [19]. For example, laminin/a6/31 recep-
tor signalling provides human stem cells differentiation into
neurons [41].

2.3. Mechanical properties

It is known that matching mechanical properties of an
implanted biomaterial to that of the host tissue is crucial for
the success of regeneration process (e.g.: [37, 42]).

Therefore, many investigations have been carried out to
estimate mechanical properties of CNS tissues. Cheng er al
[43] summed up literature data related to brain and spinal
cord mechanical properties. They found mechanical proper-
ties dependent on gender, age, diseases etc. For example, in
vivo studies have shown that with aging progress, the brain
tissue become softer [43]. Several research were carried out to
determine The mechanical properties (stiffness) of the human
brain and spinal cord—are presented in table 1.

It is a great challenge to obtain material which structure
and mechanical properties mimicking those of native tissues.
Biomaterial, with the stiffness similar to brain, is resulting in
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Table 1. Mechanical properties of the human brain and spinal cord.

Shear modulus Young’s (elastic) modulus

Storage (elastic shear) modulus Loss (viscous) modulus

Brain
Spinal cord

0.4-1.4 kPa [24]
5-42 kPa [44]

3-10 kPa [45]
1.02-1.37 MPa [46]

1.18-2.22 kPa [47]

0.63-1.14 kPa [47]

effective differentiation of neurons. /n vitro studies of neural
progenitor cell showed the best differentiation ability on scaf-
folds with similar stiffness to the brain [48]. In case of electro-
spun PLA fibers, mimicking native ECM architecture, elastic
modulus was 38 MPa [49]. In general, better activity of neural
cells was shown on materials with lower stiffness (for exam-
ple in the range of 7.6—11 MPa) [49]. Young’s modulus of self-
assembled sponge was in the range of 0.01-1 kPa and under
in vitro tests on NSCs, good NPCs activity on its surface was
confirmed [50]. Various materials, formed via freeze-casting,
showed Young’s modulus in the range of 1-10 kPa [37] and
according to the table 1. materials with the higher stiffness
(10 kPa) could be appropriate for TBI therapies.

2.4. Electrical properties

Bioelectric stimulation plays a key role in maintaining biolog-
ical functions such as muscle contraction and signal transfer-
ring in the nervous system [10]. The nervous system responds
to electrical fields and the key component of neural com-
munication is the action potential generated at the synapse.
Neurons have evolved special abilities for sending electrical
signals (action potentials) along axons. The term ‘conduc-
tion’ applies to how the cell body of a neuron communicates
with its own terminals via the axon. Communication between
neurons is achieved by the movement of chemicals or electri-
cal signals across a synapse and it called neurotransmission
[51]. The conduction mechanism is associated with neuronal
membrane depolarization, which releases Ca?" ions. This is
an impulse for sending the mediator into the synapses and pro-
vide further impulse for transport to subsequent neurons [52].
Electrical conductivity in the human brain is in the range of
0.63-2.43 mS c¢cm ! while the signal transmission velocity is
approximately 7000 m s~ ! [53, 54].

SCI cause axons degeneration and electrical impulses can-
not be transmitted. After injury the quantity of Ca>" in cells is
disrupted and with arising immune response, axons loss their
functions. Electrical stimulation might overcome a transmis-
sion barrier and keep the all the lost function through stimula-
tion of nerve-muscle system [55].

An in vitro and in vivo studies of human NPCs (rat spinal
cord) showed electrical impulses stimulate NPCs to growth
and differentiate after stroke. Such stimulation is caused by
the change of gene expression in NPCs, which encourage their
regenerative activity [56].

The time of electrical stimulation is also crucial in neurite
regeneration [57]. Neurite growth under electrical stimula-
tion was observed on: adult neurons in peripheral and CNS
[58-60]. However, electrical activity has also been associated
with neurite growth inhibition after K induced depolariza-
tion of adult rat DRG cultures [61, 62].

In vivo electrical stimulation on rats DRG, in appropriate
time, leads to obtain 2 fold increase neurons length and axonal
regeneration after SCI. The most effective time of electrical
stimulation was 1 h—it enhanced in vivo sensory axon growth
after spinal cord injury [57].

Many electrically conductive materials have been inves-
tigated for CNS regeneration (e.g.: [63—65]). The main role
of them is to enable cellular communication between neu-
ronal cells incorporated into the material, enhance of elec-
trical signals transmission to mimic neurotransmission in
health neural tissue [57]. Conductive properties of the bio-
material used in CNS regeneration are essential because the
amount of cells introduced during surgery is relatively low,
and distances between them are higher than few nanometres
required for electrical synapses communication. Electrically
conductive materials can also allow application of electrical
stimuli that can mimic the electrophysiological environment
experienced by cells in a variety of biological processes,
including muscle contraction, wound healing, and synaptic
transmission [66].

Commonly used in neural tissue regeneration are car-
bon materials: carbon nanotubes (CNTs), carbon nanofibers
(CNFs) and graphene [63, 64]. Especially interesting, from
CNS point of view, are CNTs and CNFs which have shape,
mechanical and electrical properties analogous to neurites
[64]. However, there are reports also that CNTs may provide
oxidative stress and negatively impact axons growth in vitro
on DRG [63]. Another group of electroconductive materials
are polymers, e.g. polypyrrole (PPy), polyaniline (PANI) and
derivatives of polythiophene (PEDOT). George et al [56] pro-
duced electrically stimulated PPy scaffold with human NPCs
as a therapy after stoke. In vitro studies (RNAseq analysis)
showed improved gene expression in hNPCs and in vivo stud-
ies (rat cortex) confirmed their increased regenerative activity.
PPy scaffolds are difficult processable, brittle and mechani-
cally rigid [67].

Polyaniline (PANI) is great material or additive which
increases electrical conductivity, but also is non-degradable
and might cause chronic inflammation [67].

Poly(ethylene dioxythiophene) (PEDOT) shows high sta-
bility and electrical conductivity [65], but also poor solubility
in water [68].

2.5. Scaffold fabrication techniques

Three main forms of materials for CNS regeneration can
be distinguished: non-injectable and injectable hydrogels,
sponges and nanofibers (e.g.: [69-75]). Table 2 summarizes
the main advantages and disadvantages of the most common
forms of scaffolds used in neural tissue regeneration together
with corresponding techniques of their formation.
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Table 2. Advantages and disadvantages of hydrogels, sponges, nanofibers for CNS tissue engineering [37, 48-50, 79-82].

Advantages

Disadvantages

Nanofibers by electrospinning
(natural and synthetic)

*Controlled topography-e.g.: random versus aligned fibers

«High porosity

x«Multifunctional process- broad spectrum of polymers

+«Small pore size

*2D structure

«Limited ability of placing
scaffold into lesion

x«Excessive mechanical properties

Sponges by self-assembly +3D structure

xBiological activity

xRapid degradation
«Limited ability of placing

* Adequate mechanical properties
«Adequate porosity and pores size

scaffold into lesion

Sponges by freeze-casting

xAdequate mechanical properties

+2D porosity and small pores size

x3D structure

+«Limited selection of materials

Pure hydrogels (without additives) «Soft, multifunctional

x3D structure

+*Minimally invasive due to injectability

«Low mechanical properties
«Lack of fibrous structure
«Low stability in vivo

Fill the lesion shape by injection

Natural and synthetic polymers dedicated to CNS and PNS
regeneration, with wide range of electrical and mechanical
properties are analyzed in the literature. The following para-
graphs contain more information about the types of polymers
for CNS regeneration discussed in the literature. Beside vari-
ous polymers and techniques used for scaffold fabrication in
neural regeneration, additional enhancement of CNS regen-
eration is achieved by the addition of drugs, neural cells (e.g.:
NPCs) and neurotrophic growth factors (NGFs) [75-77].
Some of them appear to be particularly promising- enhanced
cell proliferation is observed, also in vivo conditions (rat
brain). For example, type I collagen as mesenchymal stem
cells (MSC) delivery system was well tolerated in vitro and
did not provide immune response in rat brain [78].

Beside of the technique of the substrate forming, cells-bio-
material interactions include cells adhesion, their migration,
proliferation, differentiation [83]. Under laboratory condi-
tions, dorsal roots ganglion (DRG) cells [63, 84, 85], Schwann
cells (SCs) (glia of the peripheral nervous system) [18, 63],
NPCs [84, 86] and NSCs [17, 87], MSCs are commonly used
to confirm efficiency of the scaffold [88, 89].

3. Hydrogels

Hydrogels are 3D structures, in which polymer chains are
crosslinked by either a physical or chemical method to form
a network. They are characterized by a wide range of possi-
bilities in tailoring their mechanical and electrical properties
[42, 90] as well as architecture [36].

The main criteria for hydrogels classification relate to the
nature of polymer (natural or synthetic), and the crosslinking
method (physical or chemical) (e.g. [91]). The crosslinking
method is crucial for final properties, as well as the stability
of hydrogels. Physically crosslinked hydrogels have transient
junctions that arise either from polymer chain entanglements
or physical interactions such as ionic interactions, hydrogen
bonds, hydrophobic interactions or crystal formation [90, 91].

In chemically crosslinked hydrogels, the junctions are perma-
nent as a result of various chemical reactions, such as radi-
cal polymerization, Michael addition, Schiff-base reaction, or
photo-polymerization. While chemical crosslinking results in
higher stability and mechanical strength of hydrogels, their
supplication in tissue engineering is limited by the toxicity
of chemical crosslinkers. Due to this fact, hybrid crosslinking
using both physical and chemical methods is also studied.

Discussion of hydrogels for CNS regeneration from the
perspective of delivery method to the injury area is shown in
the following paragraphs.

3.1. Non-injectable hydrogels

Non-injectable hydrogels are characterized by high viscosity
in compared to injectable hydrogels. Generally, in tissue engi-
neering they can be used as implants or for external applica-
tions, such as wound dressings.

In CNS regeneration the most common synthetic, non-
injectable system is based on polyethylene glycol (PEG) which
comprehensive modulus is in the range of 21-600 kPa [92, 93]
and poly(2-hydroxyethyl methacrylate) (poly(HEMA))-based
polymers, which mechanical properties were suitable for soft
tissue (e.g. brain). Because of the lack of biological activ-
ity, synthetic polymers should be modified, for instance with
RGD sequence or natural materials as agarose, alginate, gela-
tin, HA and chitosan in order to improve cellular adhesion on
the hydrogels surface [53, 94].

The modification of polymers can lead to an additional
increase in the electrical conductivity, which is crucial for
CNS regeneration [14, 95, 96]. There are few examples of
pure hydrogels which possess electroconductive properties.
One of them is chemically crosslinked poly(3-thiophene ace-
tic acid (PTAA), which has electrical conductivity equal to
0.01 S cm™! and showed better C2C1 cell activity [65].

Another method to obtain electrically conductive hydrogels
is by combining synthetic, insulating, 3D structured aqueous
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hydrogel with electrical conductive polymers such as polyani-
line (PANI) and polypyrrole (PPy) [65, 96, 97]. Examples of
this type of non-injectable approaches will be discussed in the
following section 4.1.

Relatively novel type of scaffolds are 3D-bioprinted hydro-
gels loaded with cells. Such scaffolds showed enhanced cellu-
lar growth and proliferation [98]. For CNS tissue engineering,
alginate, fibrin, fibrinogen/ thrombin and thermosensitive
polyurethane loaded with neural cells (e.g.: NSCs) are com-
monly used in bioprinting technique [98, 99]. There are plenty
of advantages of bioprinting using hydrogels: simple process-
ing, various bioprinter type and low costs [98]. Nevertheless,
depending on the bioprinter, fabrication process can disrupt
the soft integrated structure of the hydrogel, and cell aggre-
gates can clog the nozzle tip [98]. Many bioprinted hydrogels
are not suitable for tissue engineering because their crosslink-
ing agents as UV radiation are toxic for cells immersed in
the hydrogel matrix and degradation products of hydrogel
(fibrin) cause an immune response. Moreover bioink materials
as non—injectable materials do not map the irregular lesion
shape [14].

Summing up, besides many advantages which are men-
tioned above of non-injectable hydrogels, such as: biomimetic
properties, adequate mechanical and electrical properties, the
main reason for searching for a new solution is a the possi-
bility of direct delivery to the place of injury. Non-injectable
hydrogels need to be introduced to the injury area by the
means of open surgery, which increases the risk of after-sur-
gery complications.

3.2. Injectable hydrogels

The idea of injectable hydrogels is to inject relatively low-
viscosity polymer solution in the injury area, where it under-
goes gelation. A very important characteristic is the rate of
gelation, which should be on the one hand slow enough to
allow for the injection to take place and fill the lesion com-
pletely, and on the other fast enough to prevent it from {lowing
out of the lesion site. The rate of crosslinking (gelation) can
be tailored by the type of the polymer, its molecular weight,
concentration and crosslinking type/degree-chemical or phys-
ical crosslinking (e.g.: UV light, pH and temperature chang-
ing). It is important to tailor the mechanical properties of the
hydrogel to those of soft tissues of interests and degradation
time to regeneration rate of injured tissue [100, 101]. This is
especially significant case of structures like the human brain,
which has compact and complex structure so the injury may
be in the deep parts of the brain and not easy to localize [14].
Injectable hydrogels are mainly polysaccharides-based
materials, such as HA or chitosan. HA, as a natural comp-
onent of the ECM, easily interacts with cell receptors, which
improves material and neural cells interactions [90]. There
are many examples of HA modifications, like attaching RGD
groups or adding another hydrogel, such as methylcellulose
(MC), leading to the improvement its properties [100, 102].
Another type are the polyacrylamide PAM- and PEG-based
hydrogels, e.g.: PEG hydrogel crosslinked with oximine [103].

Rheological analysis confirmed storage modulus was appro-
priate for brain tissue regeneration and was determined to be
0.5 kPa. In vivo studies on rats involving subcutaneous dorsal
tissue, showed rapid gelation (20 min) which indicates a great
potential of this material as minimally invasive approach for
the CNS regeneration [103].

An interesting type in this group of materials are self-
assembling hydrogels. They consist of natural, synthetic or
hybrid hydrogels incorporated with proteins which are able
to self-assembling. In their structure spontaneous organiza-
tion is carried out as a consequence of non-covalent (physi-
cal) interactions (e.g.: double helix, proteins aggregation)
[104]. An example of such approach in CNS tissue engineer-
ing is self-assembly peptide hydrogel conjugated with IKVAV
sequence and NSCs. Increase of pH stimulate self-assembling
of peptides and provide 3D network formation. Such approach
provides NSCs differentiation into neurons and effectively
supported elongation of axons [87], which was confirmed by
in vivo studies on the mouse brains.

To our knowledge, in the literature, there are no reports of a
single, injectable hydrogel with electroconductive properties.
To obtain such electroconduction they are usually modified
with various forms of electroconductive materials e.g. electro-
conductive fibers [97] or magnetic particles [105].

Compared to non-injectable hydrogels injectable materials
avoid complex and long surgeries—they are rapidly introduc-
ing into the body (up to Smin) and show improved integration
with host tissue [63]. However, it must be taken into account
that such injectable materials behave differently in vitro and in
vivo. The complex internal environment of the body can sig-
nificantly affect their mechanical properties and the gelation
rate [103]. Moreover, agents used in chemical crosslinking
(e.g.: glutaraldehyde) are very often toxic for cells [84, 106].

General schematics of non-injectable (a) and injectable (b)
hydrogel-based drug delivery system strategies are presented
in the figure 2.

3.3. Thermosensitive hydrogels

Thermosensitive hydrogels are a specific case of injectable
hydrogels. These materials become a gel as a consequence of
physical interactions, stimulated by changes in temperature.
This crosslinking mechanism is connected to critical solution
temperature (CST). Below and above CST hydrophilic poly-
mers loose large amounts of water and become a gel with a
domination of hydrophobic interactions [12]. The low viscos-
ity solution can be easily injected by syringe inside the body
and as a result of in situ crosslinking, its viscosity increases
resulting in gel formation [107, 108].

An interesting type of thermosensitive hydrogels, which
are made of natural components, are ECM hydrogels (e.g.:
basement membrane and porcine urinary bladder) [19, 109].
At room temperature such material was in a liquid form and
the storage modulus was 0.0001 kPa, but while temperature
increased to 37 °C, it became a solid hydrogel with storage
modulus 0.01-0.5 kPa after 5 min. Although, the gelation time
was impressive, in these concentrations (0-8mg ml ') the
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Figure 2. Strategy of drug delivery system using non-injectable (a) and injectable hydrogel (b) for TBI and SCI. HAMC non-injectable
hydrogel loaded with drug is located on the cortex, allowing drug distribution into the brain (a). Injectable hydrogel (b) is injected

between dura matter and intrathecal space, where crosslink rapidly and release the drug exactly at the injured site. Figure adapted with
permission from Springer Customer Service Centre GmbH: Nature, Neuropsychopharmacology, Regenerative therapies for CNS diseases: a
biomaterials approach, Tam et al [70]. Copyright 2014 American College of Neuropsychopharmacolog. With permission of Springer.

storage modulus was less than ideal (table 1) [109]. Ghuman
et al [19] fabricated ECM hydrogel with elastic modu-
lus (0.5-1 kPa) suitable for CNS regeneration. The studies
showed such material induces rapid and effective infiltration
of host cells (microglia, macrophages, NPCs) and provides
regeneration of the tissue after stoke in rat brains. This reac-
tion is probably caused by chemical composition mimicking
ECM (laminin and fibronectin) and signal molecules inducing
regenerative response.

Extensively studied natural thermosensitive hydrogels
are agarose and cellulose derivatives, such as MC and some
synthetic polymers based on polyacrylamide (PAM) (e.g.
Poly(N-isopropylacrylamide) (P(NIPAAm)) [84, 110, 111].

Because of chemical treatment of cellulose, MC becomes
water-soluble. The gelation temperature depends on MC
concentration in aqueous solution, being usually around
40 °C-50 °C [110]. The storage modulus of MC gels is rela-
tively low, for instance 0.1 kPa for 3% solution, being too low
for CNS applications (according to table 1) [110]. In order to
obtain improved properties for tissue regeneration, thermal-
sensitive polymers can be blended with other natural poly-
mers. However, Payene et al [112] described the collagen/MC
and [ glycerophosphate (-GLC) blend as potential candidate
for tissue engineering. The rheological measurements of MC/
Col/(-GLC showed storage modulus G’ up to 0.07 kPa [112].
This value is too low for CNS tissue engineering scaffolds,
but signifies the material could be useful as a delivery sys-
tem. In turn, the viability and proliferation tests on stem cells
(hMSCs) confirmed this composite is adequate for in vivo tis-
sue engineering applications [112].

The increase of storage modulus of MC, as well as low-
ering the gelation temperature and improving stability in
physiological environment was achieved by the addition of
HA [100]. Many in vitro and in vivo studies, carried out by
Pakulska et al [73], Sarkar et al [113], and Ballios et al [114],
confirmed positive results in the brain healing process with the
use of such blended systems.

Despite its huge potential, from economical and practical
point of view, HA is unfavorable (poor mechanical properties
and rapid degradation) [89, 115]. One of the most interesting
approaches to replace HA is addition of agarose to MC. This
composition has properties very similar to HA/MC and also
crosslinks at physiological temperature. Studies performed
by Martin et al [84] showed that elastic modulus of MC and
agarose composite is approximately 1.3 MPa and the addition
of agarose 3 fold decreased the gelation time. In vitro tests on
neuronal cells (DRG) confirmed their good viability during
the contact with hydrogel.

Thermal sensitivity is mostly the domain of natural poly-
mers, however injectable synthetic PAM hydrogel showed
these properties as well. In this matter, PAM-based materials,
such as P(INIPAAm) with Young’s modulus ca. 1.2 kPa are
especially attractive [111]. Another example of a hydrogel for
SCI treatment is P(INIPAAm)-PEG with compressive (elastic)
modulus in the range of 2—4 kPa. In vitro tests showed great
cells adhesion and the release tests also showed that growth
factors (GFs) are released in up to 6 weeks, which indicate this
approach is appropriate for long-term CNS therapies [116].

The next promising way for CNS therapies is modification
of P(NIPAAm). For example, Brahima et al [117] described



J. Neural Eng. 15 (2018) 051002

Topical Review

Table 3. Non-injectable hydrogel with nanoparticles.

Nature
of hydrogel Advantages provided Function
Cross linker matrix Hydrogel  Particles by nanoparticles of composite Ref.
Ammonium Natural Bacterial PANI nanofibers Topography, electroconductivity, — Scaffold [129]
peroxydisulfate cellulose 3D structure
UV light Natural HEC PANI nanotubes Electroconductivity, topography, — Scaffold/ [97]
mechanical properties delivery system
Bisazide Synthetic PVA SWCNT Electroconductivity — 119]
UV light mixed GelMa MWCNT Electroconductivity, slower Scaffold [120]
degradation, mechanical
UV light Synthetic PEG and PCL and core/shell PCL/  Topography Fibrous scaffold [121]
PEGPCL  PEGPCL nanofibers
no indicated Natural Chitosan MWCNT Topography, electroconductivity  Scaffold [128]
N, N’-methylene Synthetic PAA-PVA  PANI nanoparticles Electroconductivity Scaffold [130]

bis acrylamide

a delivery system consisting of poly(NIPAAm-co-AAc) inter-
penetrated polymer network (IPN) hydrogel which is also pH-
responsive system. The release tests showed an increase in
substance delivery with rising temperature and pH reduction.
This results might be crucial for the future delivery systems
design.

There are many [73, 117, 118] in vitro and in vivo stud-
ies demonstrating the effectiveness of hydrogels for CNS
regeneration. For instance Wang et al [118] studied heparin-
poloxamer thermosensitive hydrogel as growth factor deliv-
ery system. In vivo tests on rats with SCI showed a 8—10 fold
increase in the number of axons, which proves the suitability
of this approach in neural tissue engineering [118].

4. Hydrogels with micro- and nanoparticles

Hydrogels loaded with nanoparticles have unique proper-
ties, attractive for CNS regeneration due to combining the
characteristics of hydrogel and nanoparticles. In CNS tissue
engineering, particles addition to hydrogel matrix can provide
many benefits related to electroconductivity, mechanical prop-
erties, topography, ECM similarities, as well as allows drugs,
GFs and cells to be introduced [119-124]. This approach was
helpful for delivery system applications and solved an issue of
uncontrolled GFs release, as well as provided their protection
from toxic crosslinking agents [103, 125].

The non-injectable and injectable hydrogels loaded with
nanoparticles are compiled briefly in tables 3 and 4. Loaded
additives are in the form of nanofibers and nanotubes as well
as microspheres, micro- and nanoparticles [121, 126, 127].

4.1. Non-injectable hydrogels loaded with micro
and nanopatrticle

Han er al [123] fabricated photo-crosslinked PEG hydrogel
loaded with electrospun poly(e-caprolactone) (PCL) nanofi-
bers, the main task of which was to supply the material in
fibrillar form, which is favourable by cells. Such combination
of synthetic PEG/PCL hydrogel with PCL nanofibers was
beneficial for interactions with cells investigated in vitro and
in vivo (rat brain) conditions [121].

Electro-conductive additives to hydrogels like single-
and multi-walled CNTs, metal nanoparticles and electro-
conductive polymeric nanoparticles [119, 128] appear to be
extremely important in nervous system regeneration process.
For instance Lee et al [119] prepared a PVA hydrogel with
single-walled nanotubes (SWCNT), obtaining an essential
electrical conductivity increase. Gupta et al [128] modified
chitosan hydrogel using MWCNT nanotubes. Rheological
measurements showed Young’s modulus 1.4 fold increase,
while electrical conductivity 106 fold increased after the
addition of nanotubes [128]. Despite the obtained modulus
was to high according to table 1, in vivo studies on rat brain
showed this approach provides high viability of neural cells
(HT-22) and confirmed scaffolds were supplying mechani-
cal and electrical cues [128]. Similar investigation was car-
ried out by Ahadian et al [120] where methacrylated gelatin
(GelMa) was filled by MWCNT. Thanks to this additive,
electrical properties increased by 1.5%—10% and Young’s
modulus 1.6-4 fold increased depending on MWCNT con-
centration [120].

However, according to some reports, CNTs are responsi-
ble for oxidative stress which leads to neural cells apoptosis
[64]. Considering this fact, more research is directed towards
the use of electroconductive polymers. For example, by com-
bination of photo-crosslinkable, natural 2-hydroxyethylcel-
lIulose (HEC) hydrogel and polyaniline (PANI) nanotubes
(HEC/PANI) [97]. The addition of nanotubes caused 0.15
fold increase of electrical properties. This increase was ben-
eficial for cellular morphology and neural cells activity [97].
Shi et al [129] studying natural, in situ gelling of bacterial
cellulose hydrogel filled by PANI nanofibers reported even
a 1000000 fold increase of the electrical conductivity of the
composite. There is a potential for this biomaterial to be used
in tissue engineering, but more in vitro and in vivo studies still
need to be done [129].

Bajpai et al [130] formed an unique hydrogel, using PANI
nanoparticles distributed in polyacrylic acid (PAA) and poly-
vinylalcohol (PVA) hydrogel. This composite showed good
biocompatibility, mechanical properties, and electrical con-
ductivity approximately 3—4 fold higher compared to pure
hydrogel [130].
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Nanoparticles introduced into non-injectable hydro-
gels provide many benefits similar to the above-mentioned:
improved mechanical strength, appropriate topography or/
and electrical properties, cells/GFs/drugs delivery. However,
like the non-injectable hydrogels in stand-alone use, they do
not fulfil the CNS tissue engineering requirements concern-
ing minimally invasive insertion in the place of injury [123].
Therefore, investigations on injectable hydrogel composites
are recently carried out. Current approaches are described
below.

4.2. Injectable hydrogels with nano- and microparticles

Most of the investigations are related to the use of inject-
able hydrogels as delivery media of various active factors,
such as glial cell-derived neurotrophic factor (GDNF), by
encapsulation into nano- or microspheres. Nanoparticles are
safe for neural tissue, can pass the BBB, and their small size
allows them to move through cell membranes, increasing the
availability of the carried substances and providing their sus-
tained release [131]. However, too small nanoparticles can be
absorbed by macrophages immediately after injection into the
body. To solve this problem they are encapsulated inside the
polymeric microspheres or suspended directly in hydrogel
matrix [127].

Ansorena et al [124] was one of the first researchers who
encapsulated GDNF in poly(lactide-co-glycolide) (PLGA)
microspheres and dispersed it in ionic crosslinked alginate/
fibrinogen hydrogel (table 4). GDNF release profile showed
a rate 2.5 times slower in case of PLGA nanoparticles in
hydrogel matrix in comparison to pure hydrogel. On the
other hand, the results of in vivo studies indicated better neu-
rite outgrowth for free GDNF-loaded compared to GDNF
loaded in microparticles contained hydrogel. Rat spinal cord
treated with hydrogels with free GDNF showed a complete
recovery [124].

Some others publications describe PEG-based hydro-
gels and PLGA nanoparticles as delivery devices, which are
listed in the table 4. For instance, photo-crosslinked PLGA-
PEG-PLA hydrogel filled with GFs encapsulated in PLGA
microparticles [122] or photo-crosslinked PEG hydrogel
with PLGA microspheres as delivery system with controlled
release rate [131].

Encapsulation in PLGA microspheres was also used for
anti-tumor brain therapy. Polyethylene glycol dimethacrylate
(PEG-DMA) hydrogel was filled by gradually sustained anti-
tumor drug in PLGA nanoparticles. In vivo studies on mouse
brains confirmed reduced weight in US87MG tumor cells as a
response for drugs contained composite [132]. Current strate-
gies employing nanoparticles loaded in hydrogel matrices are
mainly focused on their multifunctionality. This is especially
important from the point of view of neural tissue regeneration,
because many requirements have to be fulfilled simultane-
ously in this case. Depending on intended function, nano-
particles implemented in different forms, and are made from
various materials, including ceramics or polymers.

Lampe et al [133] described a PLGA-PEG-PLA hydrogel
with PLGA microparticles, which provided controlled GFs

release and an approximately 2 fold decrease in the number of
glial scar cells (astrocytes and microglia).

A novel solution of this problem is the encapsulation of
GFs in lipid microcapsules protecting them from direct con-
tact with toxic crosslinking agents [134]. In vitro and in vivo
studies on neural cells (axons) and rat brains confirm the
effectiveness of this solution—an increase in cellular viability
and proliferation was observed on hydrogel with such nano-
particles [134].

Glass nanofibers are another example of fillers used for the
enhancement of topographical and biological properties of
hydrogels. Novajra et al [135] used a chemically crosslinked
hybrid, consisting of agarose hydrogel and glass nanofibers.
In this case, the presence of nanofibers reduced 2 fold the
release of GFs from hydrogel. In vitro tests on neonatal olfac-
tory bulb ensheathing (NOBEC) cell line confirmed better cel-
lular spreading on hydrogels with glass nanofibers [135].

A similar increase in cellular activity was observed for the
ionic crosslinked alginate hydrogel filled with silk nanofibers
[136]. It was shown that due to the addition of fibers, GFs
release was 3 fold higher than from pure alginate hydrogel.
They also leads to abundant cell adhesion on the surface of
the material, which was confirmed via in vivo tests on SCI rat
model [136].

A relatively new approach is injectable, self-assembling
hydrogel with nanoparticles. Liu et al [137] fabricated cel-
lulose acetoacetate (CAA)/hydroxypropyl chitosan (HPCS)
modified with amino-cellulose nanocrystals (CNC-NH2).
Nanocrystals were a kind of crosslinking agent leading to an
improvement of hydrogel mechanical properties. Rheological
analysis showed that CNC-NH2 effectively reinforced the
hydrogel. Compared to pure hydrogel their storage modulus
2 fold increased to 2.3 kPa (according to table 1 this value is
suitable for brain regeneration). Although the composite was
tested in vitro on L929 cells only, the results show it can be
potentially used in CNS tissue engineering.

Recently, an innovative approach for CNS regeneration
seems to be magnetic gels (ferrogels). Ferrogels are made up
of the colloidal magnetic particles loaded in polymeric matrix.
They are stimuli-responsive materials which behavior is con-
trolled with appropriate magnetic field [105]. Lopez-Lopez
et al [138] fabricated an injectable fibrin hydrogel loaded
with commercial magnetite nanoparticles (MagP-OH, 110nm
diameter), which modified microstructure of whole composite
and significantly increased its storage modulus (up to 0.6 kPa)
and functioned as additional crosslinking agent. Although,
biocompatibility tests were carried out only on subcutaneous
tissue of the forelegs of rats [138], such approach might be
studied as promising material for CNS regeneration.

The concept of electroconductive, injectable hybrid hydro-
gels is also found in literature. Koppes et al [85] studied
collagen hydrogel filled with SWCNT. AFM nanoindenta-
tion showed that Young’s modulus 120 fold increase, while
electric conductivity approximately 2 fold increase after the
SWCNT addition to pure collagen hydrogel. During this
study, a positive effect of electrical stimulation on neuronal
cell (DRG line) activity was shown. The neurite outgrowth 3.3
fold increased in comparison to the pure hydrogel [85].
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Table 4. Injectable hydrogels loaded with various particles for CNS regeneration.

Nature of
Crosslinking hydrogel Particles functions
factor matrix Hydrogel Particles (cells/GFs/drug type) Ref.
Ca?t ions Natural Alginate/fibrinogen PLGA microspheres with GDNF Controlled release of GFs [124]
No indicated Synthetic ~ PLA-PEG-PLA hydrogel PLGA microparticles with Controlled release of GFs ~ [122]
neurotrophic factor
Photo- Synthetic PEG PLGA microspheres with Controlled release of GFs ~ [131]
polimerization neurotrophic factor
UV light Synthetic PEG-DMA PLGA nanoparticles with drug- Controlled drug release [132]
temozolomide
UV light Synthetic  PEG-based PLGA microspheres with NGFs Controlled release of GFs ~ [133]
Genipin Natural Collagen Lipid microtubes with fibroblast Controlled release of GFs,  [134]
growth factor (FGF-2) protective role during
chemical crosslinking
Genipin Natural Agarose/gelatin Glass hollow fibers with neurotrophic ~ Controlled release of GFs  [135]
factors
Ca?* ions Natural Alginate microspheres Silk fibers with NGFs Controlled release of [136]
GFs, topography (scaftold
and delivery system)
CNC-NH, Natural/ CAA/HPCS CNC-NH, Crosslinking, mechanical [137]
Synthetic improvement
Temperature Natural Collagen Carbon nanotubes (SWCNT) Electrical conductive [85]
Temperature Natural Agarose PLGA nanoparticles with Sustained drug release [140]
(local cooling) drug-methylprednisolone
Temperature Natural HA/MC PLGA microparticles with Sustained drug release [123]
drug-cyclosporin A
Temperature Natural HA/MC PLGA nanoparticles Sustained drug release [110]
Temperature Natural HA/MC PLGA nanoparticles with Controlled release of GFs ~ [141]
neurotrophin NT-3
Temperature Natural Adipic acid dihydrazide-  Cellulose nanocrystals Biological, structural, [139]
modified hyaluronic acid additional crosslinker
(ADH-HA) fibrous scaffold
Temperature Natural HA/MC Electrospun genipin-collagen or Controlled release of [86]
poly (3-caprolactone-co-D,L lactide) cells, topography
(P(CL:DLLA) nanofibers with NSPCs
Temperature Natural Agarose/MC PLLA + fibronectin nanofibers Topography fibrous [142]
scaffold

An addition of the particles may have a significant effect
on the composite formation process and because of that it is
important to precisely adjust all their properties, such as size
and concentration [139]. Additionally it should be aware of
the risks that added particles might be entrapped and entan-
gled with hydrogel polymeric chains and disrupt the effective
functioning (e.g. therapeutics release) [139].

4.2.1. Injectable thermo-sensitive with micro-, nano-parti-
cles. In CNS tissue engineering, emphasis is placed on drug
delivery systems. In this field, hydrogels are commonly func-
tionalized with PLGA particles, e.g.: PLGA drug-loaded mic-
roparticles dispersedin natural agarose hydrogel [140] (table 4).
Immunofluorescence analysis showed that nanoparticles addi-
tion reduced lesion volume and hence led to effective thera-
peutic release [140]. The in vivo tests on SCI rat model also
confirmed a decreased amount of injury factors and provided
reduction size of the lesion.

Another popular approach is HA/MC hydrogel loaded
with PLGA nanoparticles. In this composite there are factors

influencing release profile, e.g.: reduced amount of HA in
HA/MC composition increased the time of drug release [110],
and reduced number of nanoparticles decreased the time of
release [141].

An interesting approach was described by Domingues et al
[139] who incorporated cellulose nanocrystals into HA-based
hydrogel, resulting in an increase of mechanical properties.
Rheological measurements using DMA technique showed
that storage modulus approximately 2 fold increase in com-
parison to pure hydrogel. In vitro study confirmed better
human adipose derived stem cells (ADSCs) viability on the
surface of hydrogel enriched with cellulose nanoparticles.
Cellulose nanocrystals affect hydrogel degradation rate- in
hyaluronidase and PBS environment. The composite showed
longer degradation time compared to pure HA hydrogel [139].

Longer release, biocompatibility and appropriate biodeg-
radation rate was observed and described by Hsieh et al [86]
for HA/MC filled with natural or synthetic electrospun fibers
(collagen crosslinked with genipin or poly (3-caprolactone-
co-D,L lactide)). In vitro study confirmed positive influence of
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nanofibers filler on viability and proliferation of neural stem/
progenitor cells (NSPCs) [86].

The addition of nanofibers to injectable hydrogels limits
the injection ability. One of the possible solutions to this prob-
lem was proposed by Rivet et al [142] by using of cut PLLA
electrospun fibers. They were added to agarose/MC hydrogel
increasing proliferation and activity of neural cells [142].

According to our knowledge, there is no data about ther-
mosensitive, injectable hydrogels loaded with electroconduc-
tive particles for CNS tissue engineering.

Thermally sensitive, injectable hydrogels loaded with
nanoparticles are extremely promising to CNS regeneration
due to their unique- hybrid properties. However, we should
be aware that some of the nanoparticles might be entrapped
in hydrogel after thermal crosslinking, which can seriously
decrease composite functionality [126]. The presence of some
particles also can induce immune response, leading to local
rise in the body temperature and influences the gelation kin-
etics [126]. Finally, there is the problem of injectability when
loaded with nanoparticles, particularly nanofibers which can
be overcome by special techniques of fibers preparation.

5. Summary, conclusions and future directions

The newest trend in hydrogels formation for CNS tissue engi-
neering is the use of hydrogels, particularly injectable hydro-
gels, loaded with various nano- and microparticles. The most
important benefits from the introduction of nano- and mic-
roparticles are:

e increase of mechanical properties

e increase of electrical conductivity

e biomimetic topography

e enhancement of biological properties; controlled delivery
of therapeutics, cells and GFs

Despite these advantages, we should be aware of some
problems related to nano- and microparticles loaded hydro-
gels, of which the most important are:

e keeping the materials injectable (especially in the case of
nanofibers loaded hydrogels)

e matching mechanical properties and electrical conduc-
tivity of native neural tissue

e providing appropriate biodegradation kinetics

e maintaining a non-toxic character of the whole system

While injectable hydrogels loaded with electroconductive
nanoparticles are common, to our best knowledge there are
no reports on thermosensitive, injectable hydrogels with such
additives for CNS regeneration. We are deeply convinced that
smart materials containing thermosensitive, injectable hydro-
gels as a matrix and nanoparticles as additives can fulfill the
high requirements of CNS regenerative medicine. In this
regard, there are still many investigations to be carried out,
such as the optimization of hydrogel composition, the deter-
mination of micro- and nanoparticles size, shape and concen-
tration, etc. Considerable attention should be directed toward
the effect of used materials on living tissues, to be determined
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via in vivo studies. Such investigations are very needed
considering that this approach is very attractive for clinical
applications.

Currently, there are only few reports on the practical aspects
of the injection procedure. Traditional injection carries a risk
of unstable and inaccurate introduction of the hydrogel sys-
tem into the body especially when microinjuries are dealt
with [143]. Future strategies combining microinjections with
stable, electronically controlled platform and hydrogel/nano-
particles systems of cells, GFs or therapeutics delivery might
offer, expected for years, effective regeneration of CNS. We
believe that this approach utilizing in CNS clinical applica-
tions is only a matter of time.

Additionally, it should be brought to attention that the
mechanisms of neural tissue growth stimulation are not yet
fully known. However, numerous publications concerning
CNS regeneration, including in vivo tests, encourage research-
ers to continue investigations of the structure and properties of
hydrogels.
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Abstract: Thermosensitive, physically crosslinked injectable hydrogels are in the area of interests of
various scientific fields. One of the representatives of this materials group is an aqueous solution of
methylcellulose. At ambient conditions, methylcellulose (MC) is a sol while on heating up to 37 °C,
MC undergoes physical crosslinking and transforms into a gel. Injectability at room temperature,
and crosslinkability during subsequent heating to physiological temperature raises hopes, especially
for tissue engineering applications. This research work aimed at studying crosslinking kinetics,
thermal, viscoelastic, and biological properties of MC aqueous solution in a broad range of MC
concentrations. It was evidenced by Differential Scanning Calorimetry (DSC) that crosslinking of MC
is a reversible two-stage process, manifested by the appearance of two endothermic effects, related to
the destruction of water cages around methoxy groups, followed by crosslinking via the formation
of hydrophobic interactions between methoxy groups in the polymeric chains. The DSC results
also allowed the determination of MC crosslinking kinetics. Complementary measurements of MC
crosslinking kinetics performed by dynamic mechanical analysis (DMA) provided information on the
final storage modulus, which was important from the perspective of tissue engineering applications.
Cytotoxicity tests were performed using mouse fibroblasts and showed that MC at low concentration
did not cause cytotoxicity. All these efforts allowed to assess MC hydrogel relevance for tissue
engineering applications.

Keywords: methylcellulose; thermosensitive hydrogel; crosslinking kinetics; DSC; DMA; cellular tests

1. Introduction

Hydrogels are three dimensional polymeric structures, crosslinked by either chemical or physical
interactions, forming a polymeric network. They are characterized by a wide range of processing
possibilities in tailoring their biological and mechanical properties [1,2]. In this regard, the crosslinking
method is essential, when determining the final properties of hydrogel including their stability in
physiological conditions. Chemically crosslinked hydrogels consist of permanently formed junctions as
a result of chemical reactions. Although the covalent crosslinking results in high stability and increased
mechanical properties, the use of toxic crosslinking agents, usually, disqualify their application in tissue
engineering. Physical crosslinking is a temporary effect of generation of the junctions, which are related
to entanglements of polymeric chain, ionic bonds, hydrogen bonds, or hydrophobic interactions [2,3].
One of the interesting types of materials exhibiting physical interactions are the stimuli-responsive
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hydrogels. Their crosslinking takes place under an external trigger. In this respect, magnetic (ferrogels),
pH-stimuli-responsive or thermosensitive hydrogels are distinguished [4,5]. Especially, the last group
has gained much attention in various fields of science [6]. An example of such an approach is
methylcellulose (MC)—a polysaccharide, which is a derivative of cellulose. Contrary to pure cellulose,
MC is water soluble. This is due to partial substitution of the hydroxyl groups (-OH), which are
responsible for the formation of crystal fibers in pure cellulose, with the methoxy groups (-OCH3),
which prevents crystalline fibers formation [7].

Considering its effective support in cells regeneration [8] and having been approved by the Food
and Drug Administration (USA), MC is an attractive material for tissue engineering or drug delivery
systems [9]. Contrary to other natural hydrogels (e.g., alginate), MC constitutes a stable structure in
physiological conditions, with mechanical properties similar to native tissues (e.g., meniscus, liver, or
spinal cord) [10-14]. From the perspective of tissue engineering, the thermosensitive crosslinking of
MC aqueous solution seems very promising, as it prevents the use of toxic crosslinking agents [15].

The physical crosslinking of MC is a consequence of the formation of hydrophobic domains. In MC
aqueous solution, the crosslinking appears during heating near 40 °C [9]. The sol-gel transition is
determined by the Lower Critical Solution Temperature (LCST), above which hydrophobic interactions
start to prevail in the solution [8]. The LCST is known to depend on the methoxy group substitution
degree, MC concentration as well as additives to the MC solution [1]. According to [16], the crosslinking
process consists of two stages. At ambient conditions, polymer-solvent interactions between hydrophilic
MC groups and water dominate. The “water cages” around the hydrophobic molecules of MC result in
weak polymer—polymer interactions. This is a classic example of hydrophobic hydration, preventing
crosslinking of MC at room temperature [16]. While the temperature increases near the physiological
temperature, water cages are shattered and the hydrophobic regions of MC are exposed leading
to stronger polymer—polymer interactions. Higher temperature amplifies the polymeric chains
mobility and the methoxy groups get closer to each other and self-organize to form hydrophobic
interactions. The partial polymeric chain rearrangement takes place and the primary hydrophobic
interactions (non-cooperative) are formed. This step represents the first stage of crosslinking. While the
hydrogel is still heating, hydrophobic domains and consequently three-dimensional networks are
formed. The remaining bonded MC chains generate supplementary hydrophobic interactions, called
cooperative, to increase the network cells’ density. The higher temperature (above 60 °C) stimulates
the network cells to uptake and retain water from the solution, which is an effect of osmotic forces.
As a consequence, fully swelled, mechanically stable, and a crosslinked network is formed.

Considering the materials for tissue engineering applications, an appropriate kinetics of hydrogel
crosslinking is extremely important. On one hand, it should take place slowly enough to allow for a
complete injection and fill the injury, but on the other hand, it should be sufficiently fast to prevent
it from moving away from the aimed location. The mechanical properties are important to provide
an appropriate biomaterial adhesion to the tissue and to avoid pressure and the spreading of the
injury among the tissues [17,18]. Crosslinking the kinetics of MC and its final stiffness depends on
different parameters of the used product, such as the substitution degree or molecular weight, but it
also might be adjusted using various concentrations and additives [19]. In this study, we used one
particular type of MC with various concentrations, to determine the effect of the MC concentration on
the crosslinking process.

Martin et al. [15] investigated the crosslinking rate of MC using the inverted test tube method.
Briefly, the test tube was inverted and if the solution no longer flowed, it was considered to be a solid and
the transition time was registered as the crosslinking time. It is worth noticing that this experiment was
carried out in a simple manner, providing only the basic macroscopic information about the material.
Another commonly used method for MC crosslinking kinetics determination involves rheological
measurements (e.g., oscillatory shear measurements) [20,21] and DSC studies [22,23]. Despite the
methods showing the dependencies between the MC network changes and the temperature, most of
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the DSC measurements were just focused on the sol-gel transition temperature or their dependencies,
while a certain salt was added to the MC solution.

The objective of our work was to systematically investigate the effect of MC concentration on the
crosslinking kinetics of MC water solutions using two complementary methods—dynamic mechanical
analysis (DMA) and DSC. DMA provides additional information on the viscoelastic properties of the
final hydrogel. Both parameters—crosslinking kinetics and viscoelastic properties are crucial in the
determination of the adequate MC concentrations for tissue engineering applications. Additionally,
the biological properties of the MC aqueous solution was determined in order to evaluate its significance
for tissue engineering application.

2. Materials and Methods

2.1. Preparation of MC Aqueous Solution

The MC (METHOCEL A15LYV, Sigma Aldrich, St. Louis, MO, USA) solution was prepared in
demineralized water at various weight concentrations (0.75-20 wt.%). The procedure was carried
out using the “hot—cold” dispersion method, according to [24]. Briefly, the MC bulk was dispersed
in three-fourth volume of demineralized water above 90 °C. Then, one-fourth of the volume of cold
demineralized water was added and stirred for about 30 min. The final solution was stored at 4 °C,
for 24 h, in order to ensure proper hydration of the polymer [24].

2.2. DSC

The measurements were carried out using a Pyris 1 DSC, Perkin Elmer (Waltham, MA, USA)
differential scanning calorimeter in non-isothermal mode at constant heating and cooling rates of
2 K/min, in the temperature range —10-80 °C. In order to prevent water evaporation, dedicated stainless
steel hermetic pans were used. As the heat flow of the thermal effects from MC was small and the
hermetic pans have a low thermal conductivity, in order to increase the signal-to-noise ratio, the samples
were of a higher weight, 70-75 mg, and they were measured with reference to a water sample of similar
weight, which provided a similar heat capacity of sample and reference. At least three samples of
each concentration were measured and, further, the most representative ones were measured during
10 heating—cooling cycles and the measurements were averaged. This further improved the signal.
In order to reduce the artefacts from water reference, for the baseline, water versus water thermograms
were recorded.

Detailed analysis of the DSC heating scans was performed, in order to provide information on the
kinetics of the transitions. First, the thermal effects were obtained from the heating scans by subtraction
of the polynomial of the fifth order. Further, deconvolution of the thermal effects was performed
using the asymmetric double sigmoidal function. Thus, the obtained separated thermal effects were
analyzed, providing information on the heat exchanged, AH, the temperature of the beginning of the
effect, Touset, and the transition rate, k. AH was obtained by integration of the thermal effect and the
Tonset was determined at the cross-section of the tangent at the half-height of the DSC peak, with the
horizontal baseline. The transition rate, k, was determined as the reciprocal of the time of the half
transition with respect to its start time.

2.3. DMA

Several concentrations of aqueous MC solutions (1.75-10 wt.%) were analyzed using DMA, Anton
Paar Physica MCR301 rheometer (Anton Paar Physica, Graz, Germany). The kinetics of MC crosslinking
was investigated by measuring the viscoelastic properties (storage, G’, and loss modulus, G”) of
solutions at 37 °C in the oscillatory shear regime in a limited time range. Before the isothermal step,
the samples were heated from 20 °C at a heating rate of 2 °C/min. The analysis was performed using
cone-plate geometry (diameter—39.9 mm, angle 0.989°, and truncation 47 pm) and small-amplitude
sinusoidal deformation (0.1% strain and 1 Hz frequency). A cone-plate geometry equipped with
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a dedicated solvent trap that prevented water evaporation from the solution was used. In some
publications a silicone oil was used to minimize this effect (e.g., [25]), however, in this study, the silicone
oil interfered with the MC crosslinking process.

All concentrations were analyzed 3—4 times. The measured G’ values were approximated with
the biphasic dose-response function, belonging to the sinusoidal type of function, which was also used
in the studies of progress of crosslinking by Maryanski and Dufresne [26,27]. Usually, this kind of
function is used to show how an organism reacts to an applied drug dose, simulative agent, or stress.
In our case, the use of this function allowed us to present how the various concentrations of MC
influence their thermal crosslinking at a constant elevated temperature. Afterwards, the fitting curves
were always extrapolated to the saturation plateau at a longer time (166 min) and then averaged.
The kinetics of crosslinking was estimated from the time derivative of the averaged G’, which allowed
for the definition of the maximum rate of increase of G, taken as the maximum of the crosslinking
rate of hydrogel. In order to estimate the hydrogel stiffness, dG'/dt were integrated, leading to the
determination of the final storage modulus of hydrogel.

In order to compare the crosslinking kinetics from both methods (DMA and DSC), we determined
the crosslinking rate, k, from the time of half transition, similar to the DSC case. We used the start of
the crosslinking as the zero time-point, which differed from the procedure applied in the case of the
time derivative of the G’ method, for which the time was measured when the temperature reached
about 37 °C. The start of the crosslinking, t,user, was determined as the intersection of the tangent to the
baseline before the start of the thermal effect and the tangent to the rising part of the thermal effect.

2.4. Biological Tests

2.4.1. Cellular Cultures

Biological tests were carried out using mouse fibroblasts 1.929 line (Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany). The cells were cultured in 75 cm? flasks in 89% High Glucose Dulbecco’s
Modified Eagle’s Medium (DMEM), 10% fetal bovine serum (FBS), and 1% antibiotics, and were
incubated at 37 °C in a 5% CO, environment. The culture medium was changed every three days.
A culture flask with 70% of cell confluency was used in experiment. L1929 cells were seeded as
follows—the cells were harvested by washing with phosphate buffer saline (PBS), then 5 mL of 0.05%
(0.25%, diluted five times with PBS) trypsin solution was added to the flask and placed for 3 min
in the incubator. Following this step, the side of the flask was gently tapped in order to ensure the
detachment of the cells from the bottom of the flask. A 10 mL of culture medium was added to the
harvested cells and then centrifuged for 5 min at 100X g (times gravity, the unit of relative centrifugal
force (RCF)) at room temperature. The collected pellet was resuspended within the culture medium,
followed with dilution to the required cell density. L929 cells were seeded in a 48-well plate at a density
of 5000 per well in 500 pL of growth medium and were left to attach to the plate in the incubator at
37 °C, in a 5% CO, environment.

2.4.2. MC Preparation

For these tests, the MC powder was added to the proper concentrations and was sterilized using
UV light for 30 min (every 10 min, the powder was shaken to provide a homogenous sterilization).
The MC aqueous solutions were prepared in water at concentrations of 1, 2.5, and 5 wt.%, respectively.
The samples were added to the cells in a volume of 25, 50, and 100 uL. The obtained solutions of MC
and the cells were incubated at 37 °C, overnight, to induce MC crosslinking. After crosslinking, 500 pL
of the crosslinked MC with the appropriate cell amounts were added and incubated at 37 °C. The cells
seeded on tissue culture plastic (TCP) served as a control.
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2.4.3. Cytotoxicity Tests

Cytotoxicity of the MC aqueous solutions was evaluated in direct contact with the cells via the
metabolic activity assay, using the PrestoBlue agent. In the PrestoBlue test, blue resazurin reagents are
reduced to resorufin. As a result of these red fluorescent compound cells, viability might be measured
quantitatively and visually (absorbance, by observing fluorescent outputs of reduced resorufin).

After three days of incubation, the culture medium was removed and the PrestoBlue-DMEM
solution (1:10 v/v) was added. The plate was incubated for the next 90 min. As a final step, 100 pL
of the solution from each well was transferred to a 96-well plate. Fluorescence was read with
excitation/emission 530/620 nm filters, using the Fluoroscan Acent FL instrument (Thermo Fisher
Scientific, Waltham, MA, USA). The obtained signals were compared with the fluorescence of PrestoBlue
in wells without cells, which served as blank samples without any metabolic activity, and as wells of
control (with 100% metabolic activity).

2.4.4. Cell Morphology

In order to evaluate how MC solutions affect the cells morphology in direct contact, scanning
electron microscopy (SEM) and fluorescent images were taken. In both experiments, the samples
were placed in a separate 48-well plate. L929 cells were seeded in cell density 3000 per well and were
subjected to 5 days of long culture.

SEM images were obtained on the dried samples. Preparation for SEM assumed the following
steps—the plate was taken out of the incubator, samples with cells were washed using PBS and treated
with glutaraldehyde (GA) for 2 h. After that, they were washed with PBS three times, in order to
remove the residues of GA. Then, the samples were dehydrated with a series of ethanol solutions (using
increasing EtOH concentrations from 50 to 100 wt.%). After that, they were washed with EtOH:HDMS
(hexamethydisilazane) solutions (1:2, 2:1 (v/v)) and 100% HDMS in which they were stored to dry.
In each solution, the samples were left for 20 min. Finally, the dried samples were sputter-coated with
7 nm of gold. SEM imaging was carried out with a JEOL JSM-6390LV.

Fluorescent microscope (FM) imaging required fixing of the samples and staining of the
cytoskeleton. Just before fixing and after the next steps, every sample was washed with PBS.
In order to fix the samples, they were immersed in 3% formaldehyde for 20 min and then in 0.1%
Triton X 100 for 5 min, to obtain permeable cell membranes. Then, they were put in a staining solution,
ActinGreen (ThermoFisher Scientific, Waltham, MA, USA), for 30 min. The wet samples were placed
on the standard glass plates and covered with a thin microscopic glass, in order to prevent drying of
the sample. All images were taken using a Leica AM TIRF MC.

3. Results and Discussion

3.1. DSC

The DSC heating thermograms of MC solution showed quite complex thermal behavior and
complex changes of the effects with varying MC concentration. For better understanding of the
effect of the MC content on the thermal effects, all thermograms are presented in Figure 1a,b, as
normalized to sample weight and normalized to MC weight, respectively. Except for the MC powder,
all thermograms generally presented two endothermic effects. Both effects were more evident for low
MC concentrations (0.5-8 wt.%). The low-temperature effect dominated over the high-temperature
one, as far as the MC concentration decreased. It was seen that both endothermic peaks shifted to
lower temperatures with increasing MC concentrations, (Figure 1) with the low-temperature peak
becoming broader, which was particularly evident at MC concentrations of above 8 wt.%. (Figure 1a).
MC in the powder form (~100 wt.%) only showed one broad endothermic peak (Figure 1a).

In Figure 1b, it could also be seen that, for the lowest MC concentrations, i.e., <wt.%, there
appeared an additional effect, which was exothermic and preceded the low-temperature endothermic
effect. The exothermic effect became stronger with a decrease in the MC concentration.
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Based on the literature [16], we interpreted that the low-temperature endothermic effect was due
to the destruction of the water cages and the high-temperature endothermic effect was due to the MC
thermal crosslinking. For the exothermic effect observed in concentrations <2 wt.%, we interpreted
it as due to the formation of water cages around methoxy groups. A more detailed explanation is
given below.

The DSC cooling thermograms showed two exothermic effects (Figure 2), a high-temperature
effect dominating over the low-temperature one. These effects gave evidence of the reverse processes,
i.e., first decomposition of the three dimensional hydrogel network followed by water “incorporation”
into the polymer structure. Both effects appeared in the temperature range of 30-55 °C. The most
significant finding here was that the MC physical crosslinking was fully thermoreversible. Additionally,
for MC concentrations <2 wt.%, the reverse effect of the destruction of water cages, which should
be endothermic, was not observed, however, the occurrence of this process was evident from the
repeating appearance of the exothermic peak upon a subsequent heating scan. Detailed analysis of the
cooling scans would provide more insight into this question, however, the current study was devoted
to the crosslinking kinetics and the cooling scans were not studied in detail. Additionally, it might be
noted that, for the MC powder, the crosslinking was non-reversible as, upon cooling and subsequent
heating scans, no thermal effect was observed (Figure 2).
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Figure 1. DSC heating scans of MC solutions with various concentrations (indicated)—(a) heat flow
normalized to the sample weight, and (b) heat flow normalized to the methylcellulose (MC) weight.
Curves subtracted using polynomial. For comparison, the curves are shifted in y-axis.
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Figure 2. DSC cooling curves of the MC solutions with various concentrations (indicated) normalized
to the MC weight. Curves subtracted using polynomial. For comparison, the curves are shifted in the
y-axis.
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Deconvolution of the thermal effects was performed using the asymmetric double sigmoidal
function. The examples of the deconvolution of the heating scans with and without the exothermic
effects are presented in Figure 3a,b, respectively.

7 ¢ data C data
l—— exo peak 0.60 4 endo 1 peak
7% {——endo 2 peak

endo 1 peak
0.55 +—— cumulative fit curve

1.0 4——endo 2 peak
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Temperature / °C Temperature / °C

(a) (b)

Figure 3. Deconvolution of the thermal effects registered during heating for MC concentrations—(a)
1.5 wt.% and (b) 9 wt.%.

Detailed analysis of the deconvoluted peaks provided quantitative information on the effect of the
MC concentration on the kinetics of the processes. The results are presented in Figures 4-6, showing the
heat exchanged, AH, the temperatures at the start of the processes, Touset, and their rates, k, respectively.
In Figure 4, it can be seen that the maximum of the low-temperature endothermic effect (endo 1) was
ca. 7 J/gmc, whereas for the high-temperature endothermic effect (endo 2), the maximum heat was ca.
2 J/gmc- In case the water cages were destructed (low-temperature endothermic effect), the highest
heat levels were seen for the medium range of MC concentrations, i.e., 2-6 wt.%. In the case of the
crosslinking process (high-temperature endothermic effect), the heat was constant up to 14 wt.% of the
MC. At the highest MC concentrations, both heat levels dramatically decreased the low-temperature
endothermic effect to 0 and the high-temperature endothermic effect to ca. 1 J/gpc. In the left panel of
Figure 4, in the low MC concentration range of <2 wt.%, the heat of the low-temperature endothermic
effect decreased with decrease in the MC content. It was accompanied by the appearance of the
exothermic effect, whose heat levels increased with a decrease in the MC content. Interestingly,
the change in the exothermic heat showed two ranges of MC content dependence with a boundary at
1 wt.%.

There are some ideas to explain the genesis of the endothermic nature of the MC crosslinking
during heating. Sekiguchi et al. [28] suggested that crosslinking might not only involve hydrophobic
interactions. Other interactions might also be responsible for the double MC crosslinking process.
Our explanation of the observed phenomena based on the DSC results during the heating of the MC
solutions was the following. In the ambient conditions, MC was characterized by prevalence and
dominance of hydrophilic interactions in the solution, such as water-water interaction and these
same interactions between the hydrophilic parts of MC and the water molecules. Additionally, in the
solution, the water molecules might have created ordered structures, i.e., water cages around the
hydrophobic regions of MC, and intramolecular interactions between the polymeric chains were also
formed. Formation of water cages around the methoxy groups was accompanied by heat release and
entropy reduction, which was manifested by the exothermic effect preceding the endothermic effects
for highly diluted MC solutions. The exothermic effect disappeared at higher MC concentrations. It is
possible that in more densely packed polymeric networks, hydrophobic aggregates were previously
created at lower temperatures than what was caused by the limited available space in the solution and
the dominance of the polymeric phase over the solvent.
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While heating, an appropriate amount of energy (heat) is delivered to the system, the water
cages are destroyed, and the methoxy groups are released, and the number of ordered form of water
molecules start to change. Heat was consumed to make the layer of the water cages thinner, increasing
disordering and, thus, entropy (AS > 0). This process was accompanied by the low-temperature
endothermic effect.

Soon after the destruction of the water cages, the exposed methoxy groups in the MC chains
underwent cross-linking due to intra- and intermolecular hydrophobic interactions. As we mentioned
previously this step was considered to be the high-temperature endothermic effect.

The maximum effect of the heat on the water-cage destruction (low-temperature endothermic
effect), at a particular range of MC concentration, in all probability could have been related to
the presence of two limitations. In a dilute MC solution, the MC molecules might form micelles,
providing a limited number of the methoxy groups to the solution and to the water cages around
these molecules. On the other hand, at relatively high MC concentrations, the chains become densely
packed, and their molecular mobility is limited, which also affects the mobility of the water molecules,
and results in a reduction of the low-temperature endothermic effect. In the case of a high-temperature
endothermic effect, the constant value of the heat at low and medium MC concentrations, might suggest
similar employment of the methoxy groups, which at dilute MC solutions would create separated
molecules that form micelles and at high-enough MC concentrations would form a hydrophobic
network. Decrease in the heat of the high-temperature endothermic effect, at above 14 wt.% of MC was
understood to be due to the aforementioned limited molecular mobility.

The dependence of the exothermic heat on the MC concentration in Figure 4, showed an abrupt
change at 1 wt.% of the MC content. This behavior indicated the existence of some boundary, above
which the exothermic heat weakly depended on the MC concentration and below which it depended
strongly on the MC concentration. This might suggest the boundary between semi-dilute and dilute
solution, respectively, however, this assumption needs further investigations.

|AH] 7 J(gye)”

T T
1 10 100
MC content / wt%

Figure 4. The absolute value of the heat exchanged upon heating during the exothermic, the
low-temperature (endo 1) and the high-temperature (endo 2) endothermic effects versus the MC content.

Figure 5 presents the dependencies of Tyyset and MC concentrations, which might serve as a phase
diagram. It is rather clear that below the Toyset Of the low-temperature endothermic effect, there existed
a one-phase solution in the form of sol. Between the low-temperature and the high-temperature
endothermic effect there was a sol-gel transition, while above the high-temperature endothermic effect
there might have existed a cross-linked polymer (gel). According to [29], the MC gel remains stable up
to 80 °C, where phase separation takes place. Additionally, Figure 4 shows the dependence of the Tyt
of the exothermic effect, which showed a constant value. It suggests the existence of two sub-areas in
dilute or semi-dilute sol, characterized by a lack of and formation of water cages below and above
52 °C, respectively.
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Figure 5. Phase diagram for various concentrations of MC constructed using the onset temperature.

The kinetics of the processes, described using rate, k, determined as the reciprocal of the half time
of the process is presented in Figure 6. Figure 6 illustrates the effect of the MC concentration on the
rates of the processes. From Figure 6a, it is evident that the low- and the high-temperature endothermic
processes, as well as the exothermic one, differed in rates. The rate of destruction of the water cages
(low-temperature endothermic effect) was seen to decrease with the MC concentration. This might
have been due to a decrease in the MC molecular mobility. The rate of the formation of the water cages
(exo) was seen to increase with MC concentration, confirming the reinforcing role of MC molecules in
the creation of water cages. The rate of the crosslinking process (high-temperature endothermic effect)
showed a reduction in the high MC concentration range. This was obviously due to a decrease in the
molecular mobility. It was accompanied by a decrease in AH in Figure 4, indicating the formation of
an imperfect crosslinked network of low density. At low and medium MC content, the crosslinking
rate showed generally comparable values, however, it might be noted that, there existed two maxima
at 2 wt.% and 9 wt.% of MC, separated by a local minimum at 4 wt.% of MC. As shown in Figure 4,
up to 14 wt.% of MC, there was a constant value of AH, indicating the formation of highly dense
crosslinking network. Thus, these kinetic features indicated the existence of two regimes in the MC
crosslinking kinetics, which were expected to be controlled by different mechanisms. Due to these
features, there were predicted differences in the structure of the crosslinked networks, however, further
studies are necessary.

The kinetics was additionally affected by the temperature of the process. It can be seen in Figure 6b,
that the processes occurring at higher temperatures were faster than those at lower temperatures.
We anticipated that there was a similar effect of various molecular mobility, being dependent in this
case on temperature. Interestingly, all rates showed similar values at the same temperature. Moreover,
it might be noticed that the rates of crosslinking and destruction of the water cages showed a similar
abrupt drop at 61 °C and in case of the former rate, it also showed two additional abrupt changes at
63 °C and 66 °C. This coincidence suggested that the two crosslinking mechanisms proposed above
might have been temperature activated.
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Figure 6. The rates, k, of water cages formation (exo), their destruction (endo 1), and of crosslinking

(endo 2), as a function of—(a) the MC content and (b) the temperature, Toyset-

3.2. DMA

Analysis of the G” and G” as a function of time was used to determine the crosslinking kinetics
of thermoresponsive materials. In most cases described in the literature, e.g., [29], the G’ and G”
curves intersected each other at a particular time with further domination of G’ over G”. While the
G’ curve was below the G” curve, the material presented viscous behavior characteristic for liquids.
The intersection was the characteristic point, which was usually taken as the time (or temperature) of
crosslinking [5]. The dominance of G’ over G” indicated the elastic behavior of the material [29].

There is a specific group of materials in which the intersection of G’ and G’ has not been detected.
We observed such a situation for the isothermal measurements of the MC aqueous solutions. During
every measurement, the G’ was higher than G”, showing the weak elastic character of MC aqueous
solutions, even at ambient conditions. Consequently, in order to estimate the crosslinking kinetics,
only G’ was analyzed as a function of time.

Results for small concentrations of MC ranging between 1 and 5 wt.% and the full range of MC
concentrations 1-10 wt.% (shown in Figure 7a,b) indicated a sigmoidal growth of G’, which was
non-ideal, particularly for lower concentrations. Different onset time of crosslinking among the various
concentrations of MC was observed. The G’ of MC at the lowest concentration of 1 wt.% showed very
different behavior, compared to the solutions with higher concentrations, with a very slow growth
and the lowest final value. The final values of G’, for small MC concentrations (1-5 wt.%), increased
with the MC concentration. An analysis of G’ at the full range of MC concentrations (Figure 6b)
showed a smoother G’ increase for higher MC concentrations (6.75 and 10 wt.%), with a clearly marked
stabilization at the end of the crosslinking. As expected, an increase in the G’ values with an increasing
concentration for 5 and 10 wt.% of MC was also observed.

After heating up to 37 °C, for a long time, the MC aqueous solution showed a delayed thermal
destruction of the water cages, resulting in an unstable increase of G’. The analysis of the G’ and dG'/dt
curves clearly indicated that the crosslinking rate and the final G’ value depended on the temperature
and polymer concentration. However, the heating time also played a key role here. As mentioned
before, diluted MC aqueous solutions need prolonged heating to destroy water cages and initiate
a polymeric chain rearrangement. Since the number of methoxy groups is partial and the distance
between them is prominent, the greater amount of time that is needed to ensure a contact between
them results in a hydrophobic bond formation. Solutions with the highest MC concentrations showed
an instant G’ increase corresponding to the first step of crosslinking. In a denser polymeric network,
there are partially formed hydrophobic interactions, and hence it results in less water cages breakage.
As a result, G’ increase was more stable and needed less time to form fully crosslinked network.
Another reason for the multiple effect of crosslinking for small concentration might be the temperature,
which was not high enough to induce crosslinking. Since the hydrophilic solvent dominated in the
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solution, it was difficult to destroy all of the water cages. Some of the methoxy groups were entrapped
and could not form a fully formed hydrophobic network. Probably for such concentrations, a higher
temperature was needed to induce crosslinking and increase the rate of the process. For the higher MC
concentrations, the polymeric chains were closer to each other and it was feasible to form hydrophobic
interactions. Denser packed MC chains tended to make bridges with water molecules [30]. In a
partially cross-linked network, aggregation occurred at sufficiently high temperatures, when it was
easier to break down water cages at higher concentrations.
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Figure 7. G’ versus time at 37 °C for several MC concentrations—(a) enlarged view of the low G’ range,
and (b) the whole G’ range.

The time derivatives of G’ for low MC concentrations showed a complex multimodal character,
which was a consequence of the non-ideal sigmoidal character of the G’ growth (Figure 8a,b). For every
sample, the height of the first maximum was smaller than the second one, and appeared later than
50 min of the measurement. The height of the second maximum was always the highest and appeared
in the time range of 80-120 min of the measurement. In some samples (1.75 and 3.5 wt.%), there was
also a third smallest maximum, appearing at the latest stage of the process.
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Figure 8. dG’/dt versus time for several MC solutions—(a) enlarged view of low MC concentrations,
and (b) the whole dG’/dt range.

With an increasing MC concentration, the process became more homogenous and there might
have been only one maximum in the time-derivative of the G’ curve. Moreover, the process became
faster (according to the height of the peak and its time position) (Figure 8b). Although, MC at 6.75 wt.%
still showed two maxima in the dG'/dt, the first maximum was practically negligible, as compared
to the second large one. MC at 10 wt.% showed only one maximum at 52 min. The onset time of
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the crosslinking differed for various concentrations, being shorter at higher concentrations. This was
especially evident for the 6.75 and 10 wt.% of MC.

Figure 9 shows the crosslinking rate, as determined from the DMA results, as a function of the
MC concentration. There were two maxima at ca. 3 wt.% and ca. 8 wt.% with the local minimum
in between, which was qualitatively similar as obtained by the DSC for the crosslinking process,
manifesting as the high-temperature endothermic effect (compared with the ‘endo 2 in Figure 6a).

2.5x10% 4
2.0x10*
f‘ln
g

< 1.5x10% -

1.0x10*

T T T T T

0 2 4 6 8 10
MC content / wt%

Figure 9. Crosslinking rate, k, determined by DMA, versus the MC content.

Table 1 shows the final maximum values of G’, which were determined as integrated extrapolated
G’ derivatives. These values were analyzed and compared to the G’ of various human tissues (Table 2).
G’ for the lowest MC concentration (1 wt.%) was significantly lower, as compared to others. MC of
1.75-3.5 wt.% showed similar values, and above these concentrations the G’ increased significantly.

The final G’ versus the MC concentration dependency was just as predicted. The higher
concentration resulted in higher final hydrogel stiffness. The obtained results suggest that, with regards
to the viscoelastic properties, the MC aqueous solution might be a suitable material used as a scaffold
for tissue engineering. In order to definite a dedicated application of the studied MC concentrations, the
obtained results were summarized and compared to the G’ of various human tissues (Tables 1 and 2).
According to the tables, the stiffness of MC in concentrations of 1.75-3.5 wt.% might be used for spinal
cord therapies as a scaffold or drug/cell delivery system. MC at the concentration of 6.75 wt.% presents
similar mechanical properties (G’ value) to the human meniscus. MC at a concentrations of 10 wt.%
shows high values, which according to Table 2, might be suitable for cartilage applications.

Table 1. Final storage modulus, G’, determined for several MC concentrations.

MC Concentration [wt.%] Final G’ [kPa] SD
1 0.06 0.004

1.75 27.4 0.53

25 29.9 1.56

35 30.7 1.44

5 54.4 7.57

6.75 346.2 10.92

10 1029.3 316.03
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Table 2. G’ of various human tissues.

Tissue G’ [kPa] Ref.
Brain: [31]
Cerebellum 1.77-2.03
Cerebrum 2.34-2.64
White matter 2.41-12.1
Grey matter 2.34-6.6
Skin (Human skin fibroblasts) 0.14-0.26 [32]
Meniscus: 280-330 [12]
Lateral Posterior 770
Lateral Mid body 480
Liver 37-340 [13]
Spinal cord * 5-42 [14]
Articular cartilage (hip and knee) 1000-1700 [33]

* Shear modulus of the human spinal cord.
3.3. Biological Tests

The cytotoxicity of the MC aqueous solutions was performed by the PrestoBlue assay after 3 days.
Cells were directly exposed to 1, 2.5, and 5 wt.% of the MC aqueous solutions in volumes of 25, 50, and
100 uL. Biological tests including cytotoxicity and viability of the cells on MC hydrogels were carried
out to assess its relevance in tissue engineering. For MC concentrations of 1 and 2.5 wt.%, the metabolic
activity was about 90% of that of the untreated cells (Figure 10). For the lowest MC concentrations,
each volume of added solution performed cell viability over 70%. MC of 5 wt.% achieved this cell
viability in only one volume of 25 uL. Both of these values were >70%, which according to UNI ISO
10993-5 standard is considered to be non-toxic for cells. At higher MC concentrations, the metabolic
viability was rather low (Figure 10).

B 1% MC
I 2.5% MC
I 5% MC

I Tcr

140 4

Viability / %

P Y &
MC volume / pl

Figure 10. PrestoBlue cell proliferation results for the MC hydrogel for several MC concentrations (after
3 days).

SEM and fluorescence images (Figures 11 and 12) showed that the 1.929 fibroblasts penetrated the
MC hydrogels to some extent. It was especially visible in fluorescent imaging that the density and
viability of the cells were higher than that of the control. The varying FM cell image focus indicated

different cell penetration depths into the hydrogel (Figure 12b). This effect was less visible on the SEM
images (Figure 11b).
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Figure 11. SEM of L929 cells on (a) tissue culture plastic (TCP) (control) and (b) hydrogel containing
1 wt.% of MC (50 puL volume).

(b)

Figure 12. Fluorescence microscopy of stained 1929 cells on—(a) TCP (control) and (b) hydrogel

containing 1 wt.% MC (50 uL volume).

Our results indicated that the L929 cells seeded on top of the gels remained viable with no
indication of cell death throughout the culture duration. However, the different concentrations and
added volumes of MC influenced the viability, metabolic activity, and morphology of this cell line.
It was evident that MC with low MC concentrations (below 2.5 wt.%) did not cause cytotoxicity.
At these concentrations an appropriate pH and availability of oxygen were ensured. However, at MC
concentrations >5 wt.% the material seemed to be toxic for fibroblast. It was probably the effect of the
acidic pH and a limited availability of oxygen. The limited availability of oxygen could have been a
result of the high viscosity of the hydrogel. At these MC concentrations, the cells collapsed and did
no longer had the possibility to conduct any metabolic activity. It was also observed that the amount
of added hydrogel significantly influenced the cells viability. The more added hydrogel, the higher
toxicity, especially, at higher MC concentrations. It was probably caused by the non-controlled pH in the
MC aqueous solutions. However, in the future, we plan to study a mixture of MC with PBS, in order to
control the pH of the solution, which is expected to increase cell viability on the investigated materials.
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4. Conclusions

We systematically studied a broad range of MC concentrations in aqueous solutions, to explore in
details, the crosslinking kinetics, thermal, viscoelastic, and biological properties. We have assessed
the real value of MC as a material for tissue engineering, including its advantages and disadvantages.
For this evaluation DSC, DMA measurements, and biological analyses were carried out. It was
evidenced by DSC that the crosslinking of MC was a reversible two-stage process, manifested by
the appearance of two endothermic effects related to the destruction of water cages around methoxy
groups, followed by crosslinking via formation of hydrophobic interactions between methoxy groups in
the polymeric chains. Moreover, at relatively small MC concentrations (below 2 wt.%), there appeared
to be an additional exothermic process preceding the endothermic ones, which was most probably
related to the formation of the water cages. Our DSC studies allowed us to construct the phase diagram
for the studied MC aqueous solutions. The crosslinking kinetics of the MC solution, as determined
by the DSC and DMA, was found to be quite complex, indicating three regimes. At MC higher than
13 wt.%, the crosslinking rate dramatically decreased with the MC concentrations, which was due to a
reduced molecular mobility. At MC concentrations below 13 wt.%, there seemed to be two regimes
evidenced by two maxima at 2 wt.% and 9 wt.%. In these regimes, the crosslinking mechanisms
might differ and, moreover, the change of the mechanism might be temperature activated. These
mechanisms need to be further investigated. Nevertheless, the obtained results allowed the selection of
MC concentrations that might meet the tissue engineering expectations. Since MC at concentrations in
the range of 1.7-3.5 wt.% and at ca. 9 wt.% showed the fastest crosslinking, these concentrations could
be attractive for tissue engineering applications. Tissue engineering is rather demanding, it requires
looking not only from the crosslinking rate perspective, but also from a mechanical and biological
point of view. For lower MC concentrations, the final storage modulus (DMA) s comparable to native
human tissues such as liver [13], spinal cord [14], or cartilage [33]. From biological tests, it was found
that at low concentrations, MC provided a good cellular response and non-toxic environment. It was
highly probable that it would be necessary in the future to modify MC solutions in order to improve
their properties. Nevertheless, we are certain that, due to the minimally invasive manner through
which these materials were introduced into the body, and because of the mechanical and the biological
properties of MC, relatively small concentrations of this material can have a great potential as injectable
scaffolds for tissue engineering.
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Abstract: Electrospun polymer nanofibers have received much attention in tissue engineering due to
their valuable properties such as biocompatibility, biodegradation ability, appropriate mechanical
properties, and, most importantly, fibrous structure, which resembles the morphology of extracellular
matrix (ECM) proteins. However, they are usually hydrophobic and suffer from a lack of bioactive
molecules, which provide good cell adhesion to the scaffold surface. Post-electrospinning surface
functionalization allows overcoming these limitations through polar groups covalent incorporation
to the fibers surface, with subsequent functionalization with biologically active molecules or
direct deposition of the biomolecule solution. Hydrophilic surface functionalization methods
are classified into chemical approaches, including wet chemical functionalization and covalent
grafting, a physiochemical approach with the use of a plasma treatment, and a physical approach
that might be divided into physical adsorption and layer-by-layer assembly. This review discusses
the state-of-the-art of hydrophilic surface functionalization strategies of electrospun nanofibers
for tissue engineering applications. We highlighted the major advantages and drawbacks of
each method, at the same time, pointing out future perspectives and solutions in the hydrophilic
functionalization strategies.

Keywords: surface functionalization; electrospinning; polymers; nanofiber; immobilization;
tissue engineering

1. Introduction

Tissue engineering is an interdisciplinary field of science, in which polymeric scaffolds are crucial
from the biomedical perspective [1]. In this field, various forms of scaffolds might be distinguished,
among which the most important are: non-injectable and injectable hydrogels, sponges, 3D printed
beams, and submicron- and nanofibers [2-5]. In recent decades, electrospun nanofibrous scaffolds have
gained and enjoyed the great interest of tissue engineering applications [5] with the greatest importance
of nanofibers composed of aliphatic polyesters, such as poly-L-lactide (PLLA), polycaprolactone
(PCL), poly (lactic-co-glycolic acid) (PLGA), and poly (lactide-co-caprolactone) (PLCL) [6]. All of these
polymers are biodegradable, biocompatible, easily processable, and have appropriate mechanical
properties. It is easy to control their physical and mechanical properties by tuning the polymeric
solution’s concentration, using appropriate solvents and parameters of the process [7]. One of the most
favorable properties of electrospun nanofibers is their morphology. It highly resembles collagen fibers in
native ECM, making them attractive as scaffolds in tissue engineering, drug delivery systems, or wound
dressings [8,9]. Besides aliphatic polyesters, semicrystalline fluoropolymers, especially polyvinylidene
fluoride (PVDF), gained attention as smart piezoelectric scaffolds. While stress is applied to the PVDF
scaffold, it generates and conducts electric signals, which induce cell regeneration [10]. This feature
might be useful, especially in nervous system tissue engineering.
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An appropriate scaffold formation should not only assume material morphological resemblance
to the natural ECM, provide physical support for cells but mostly should contribute to cell-surface
interactions [11]. Most of the electrospun polymers are rather hydrophobic, which is unfavorable
from the point of view of tissue engineering. For instance, aliphatic polyesters such as PLLA or PCL
show contact angles in the range of 116-135°, while for tissue engineering requirements, it ought to be
below 100° [12,13]. Webb et al. [14] studied the highest level of cell attachment (NIH 3T3 fibroblasts) at
hydrophilic surfaces, and the best results were observed for surfaces with contact angles in the range
of 20-60°. In this regard, an appropriate hydrophilic functionalization that improves these features
is thus necessary. A potential scaffold for medical applications also should have appropriate bulk
properties and biological activity at the surface, but material rarely possesses both of these features
simultaneously [15]. Synthetic materials have excellent bulk properties; however, their polymeric
chains do not contain biologically active molecular motives. Integrin receptors bind cells with ECM,
specifically, recognize Arg-Gly-Asp amino acid (RGD) sequences providing further cell adhesion to
the surface. There are many natural materials, for instance, gelatin, fibronectin, laminin, or collagen,
that might provide the ECM components with biological active sequences like RGD required for
cell adhesion, accelerating cell growth, and providing a favorable environment for their proper
functioning [13,16,17]. For this reason, it is clear that the presence of biomolecules plays a key role in
promoting cell/biomaterial interactions [18].

Hydrophilic surface functionalization, followed by biomolecules attachment, can be realized
by various strategies, which can be divided into three main groups: pre-electrospinning methods
via bulk blending with another natural polymer [19,20], functionalization during electrospinning
(e.g., coaxial electrospinning) or post-electrospinning methods such as wet chemical methods
(aminolysis [6] or hydrolysis [21]), covalent grafting [22], plasma treatment [23], physical adsorption [24],
or layer by layer (LBL) assembly [25]. Contrary to pre-electrospinning methods, most of the
post-electrospinning methods alter fiber surface only, which is preferred from the perspective of
scaffolds final properties [19].

This comprehensive review aims at an in-depth discussion on post-electrospinning hydrophilic
surface functionalization strategies of polymeric nanofibers with an emphasis on their advantages and
drawbacks, and the potential in further processing for tissue engineering applications. In this article,
we present the electrospun nanofibers processing from both the materials science and the tissue
engineering point of view.

2. Surface Functionalization Methods

2.1. Chemical Methods

Chemical surface functionalization leads to improved hydrophilicity on the fibers” surface through
changing atoms or molecules as a consequence of chemical reactions. Contrary to physical treatment,
this kind of method is permanent. Once modified, the surface should stay permanently changed,
by forming stable covalent bonding between biomolecules and the polymer surface. This is the
effect of exposing relevant functional groups on the surface of the nanofibers to the external chemical
stimuli [26]. To attain covalent bonding with biomolecules, usually, two steps are needed. The first one
provides exposing functional groups such as -OH, -COOH, and -NH2 needed for effective reactions.
The next one is formation of covalent bonds between biomolecules and functional groups on the
polymer surface [6].

An advantage of chemical functionalization is that it provides steady bioactive sites for further
biomolecules immobilization, resulting in improved biological properties of the surface, on which the
cells can attach and grow favorably.

On the other hand, there is a risk that in the preactivated state, an uncontrolled chemical
functionalization might change the bulk properties of the polymeric scaffold [21]. Figure 1 presents
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mechanisms of chemical surface modifications, while Table 1 summarizes the main pros and cons of
the chemical surface functionalization methods applied to electrospun nanofibrous scaffolds.
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Figure 1. Chemical functionalization of electrospun nanofibers.

2.1.1. Wet Chemical Functionalization

Wet chemical functionalization of electrospun nanofibers is a chemical treatment under acid,
or basic conditions, or with the presence of diamine, resulting in the polymer chains breaking at the
sites of specific groups, like ester bonds in the case of polyesters.

Compared to the physical methods, wet chemical functionalization provides hydrophilic
functionalization not only on the outer layer of the nanofiber surface, but also affects the deeper layer of
the surface. The depth of reaction in wet chemical functionalization depends on the process/materials
parameters like time reaction, and type and concentration of active substrates. Therefore, the reaction
conditions must be precisely controlled [21,27] in order to minimize the changes of polymer bulk
properties, which can ultimately lead to serious mechanical weakening or even destruction of polymer
nanofibers [21,28]. It should be mentioned that wet chemistry usually uses harsh chemicals, making the
method not ecologically friendly [29].

Depending on the method, -COOH, -OH, and -NH; groups appear onto the polymer surface
as a result of wet functionalization. The most common methods of wet chemical functionalization,
aminolysis and hydrolysis, are described in detail below.

Aminolysis

Aminolysis [30] is a surface functionalization method that incorporates free amine groups
to the nanofibers surface, by the formation of covalent bonds between the amine from the
other end of diamine used for functionalization and the specific polymer group. The most
common diamines used for functionalization of various polyesters, both aromatic and aliphatic,
are 1,6-hexanediamine, ethylenediamine, or N-aminoethyl-1,3-propanediamine [31]. After effective
aminolysis reaction at carefully controlled conditions, e.g., diamines concentration, temperature, pH,
and time, the hydroxyl, carboxyl, and amine groups remain as active groups on the modified surface,
providing better wettability.

One of the advantages of the method is that the total time of the reaction is rather short: aminolysis
can last from 2 up to 60 min [32,33]. The surface after the treatment is additionally characterized by
higher roughness, favorable from the perspective of biomolecules immobilization and cells adhesion [21].
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All of these features occur to be beneficial for both scenarios: when aminolysis is the ultimate treatment
of surface functionalization ready for direct use, or while it serves as an intermediate step followed
by immobilization of proteins such as collagen, fibronectin, and laminin, growth factors or bioactive
groups. Adsorption of proteins on the aminolyzed surface can be performed via simple rinsing of the
nanofibers for a certain period of time in the proteins solution [34,35]. Although the whole procedure
of physical adsorption of biological molecules seems to be relatively simple, there are some results
indicating either insufficient concentration of -OH, -COOH, and -NH; groups on the modified surface
or proteins conformation, which does not enhance cell adhesion. Zhao et al. reported that in the case
of PCL, the aminolyzed surface showed only temporal improvement of cell adhesion for 4 h [34].

Aminolysis as the intermediate step seems to be more effective than as the ultimate step,
and is more often used in protein immobilization [6,36,37]. The efficiency of protein immobilization can
be increased by additional treatment with a particular coupling agent, for instant, glutaraldehyde (GA),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC), Bis-N-succinimidyl-(pentaethylene glycol)
(Bis (NHS) PEGS5), or dimethyl adipimidate (DMA) [31,36]. Such coupling agents provide better
availability of the -NH; and -COOH on the surface, for covalent binding with biomolecules such
as gelatin, chitosan, or collagen [28]. Depending on the choice of coupling agent, the functional
group activation is carried out under specific pH, temperature, and time [31]. XPS, FTIR studies [31],
and biological tests [34] have proved that such covalent binding between the surface and biomolecules
significantly improves the morphology of the cells and promotes their proliferation. It indicates the
importance of surface chemistry in cellular behavior on biomaterial substrates [34]. Aminolysis as
the intermediate step is also widely used for growth factors immobilization. Haddad et al. have
immobilized epidermal growth factors (EGF) to PLLA nanofibers through the coupling agent of
(Bis (NHS)PEGS) [31]. Combining these treatments showed improved interactions between PLLA
fibers and neural stem-like cells (NSLCs) after aminolysis in proliferation assay 2, 6, and 10 days [31].

Aminolysis might also be conjugated with other hydrophilic functionalization methods. Zhangetal.
aminolyzed aligned PLLA fibers and then coated them with graphene oxide (GO) in the presence of the
nerve growth factors (NGFs). Due to the phenol hydroxyl and epoxide groups on the basal plane and
carboxylic groups at the edges, this treatment supposed to increase the hydrophilicity and growth and
differentiation of various neural cell lines [37]. The water contact angle of the aligned PLLA decreased
from 122.8 + 1.5° to 96.8 + 1.5° after aminolysis, and to 47.5 + 2.2° after GO incorporation. The ultimate
surface contact angle should be beneficial for cell growth accordingly to Webb’s studies [15] MTT
proliferation and differentiation tests on PC12 and Schwann cells proliferation assay confirmed that,
in the presence of NGF and appropriate hydrophilicity, the aminolyzed aligned PLLA/GO fibers
effectively promoted Schwann cell growth and induced differentiation of PC12 [37].

Despite many advantages, aminolysis has its limitations. Its efficiency depends on the crystallinity
of functionalized polymers, particularly on the surface crystallinity, as shown by Jeznach et al. [6].
The method is challenging for polymers with high crystallinity and small ratios of ester/alkyl groups,
as in the PCL case. Moreover, aminolysis is more effective for films than nanofibers, which is
related to the surface crystallinity resulting from the difference in crystallization conditions [6].
Thus, highly crystalline nanofibers require harsher conditions and extended time of the aminolysis
reaction. Another limitation of the method is the instability of the aminolyzed surface. Zhu et al. [38]
reported that aminolyzed polymers might lose amine groups from the surface while being stored
at 37 °C. To avoid this, it is necessary to keep materials at a temperature below the polymer Tg.
Amine groups also disappear from the surface while kept in the phosphate buffer saline (PBS) due
to a restructuring of the polymer membrane [38]. Briefly, at the surface, segments of the polymer
chains rearrange to decrease surface energy resulting in amine groups’ distancing from the surface.
It constitutes a severe limitation for using of aminolyzed polymers in the industry or tissue engineering.
Exceptionally, such scaffolds might be used very soon after fabrication or stored for a short time at
very low temperatures.
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Hydrolysis

The method is divided into alkaline and acid hydrolysis, which generally cleaves ester bonds to
-COOH and -OH groups on the polyester’s surface [21]. Depending on the conditions, acid or alkaline,
there are different mechanisms of the hydrolysis reaction. Similarly to aminolysis, both acid and
basic hydrolysis, require to be conducted under precisely controlled conditions such as temperature,
pH. and time, and the reaction time varies from a few to dozens of minutes [39].

The acid hydrolysis has an electrophilic character, which means that high-speed protons easily
penetrate into uncharged polymer chains and are restored by the reaction. Briefly, carbon radicals are
formed from the polymeric backbone, whereupon unsteady -OOH groups bind with O, from H,O,
resulting in -OOH groups breakdown into various groups such as -OH, -COOH, -R-O-R’, etc. [40].
Since -COOR groups are hardly available on the modified polymers’ surface, strong acidic conditions,
elevated temperature, and appropriate time are required [31]. In the acid hydrolysis, mineral acids
such as H,SO4, HCIO4, and HCI and organic acids such as acetic acid (AA) or lactic acid (LA) are
typically used [39,41,42]. Boland et al. chose 11.7 M HCI over NaOH for hydrolysis of PGA scaffolds
to avoid a fiber diameter decrease. The hydrolysis of the -COO- exposed -COOH and -OH groups
on the modified fiber surface, resulting in improved adhesion between surface and cells and their
proliferation in the WST-1 proliferation assay on cardiac fibroblasts (FBs) after 4 days. However,
in vivo studies on rat muscles were inconclusive and the whole functionalization procedure needs to
be refined in the future. In other studies, Lee et al. used a mixture of HCIO4/KCIOj in a saturated
aqueous solution to modify PGA, PGLA, and PLLA scaffold surfaces. Although human chondrocytes
and mouse NIH/3T3 fibroblasts showed an improved adhesion and proliferation after 2 days, this time
might not be enough for further tissue engineering therapies [40]. An interesting phenomenon has
been observed by Spinella et al. It is reported that in the case of some polymers such as cellulose
nanocrystals, the use of HySO4 for hydrolysis leads to a decrease in their thermal stability, leading to
an uncontrolled release of HySO4 from polymers during heating [43]. These features might limit the
use of the acid hydrolysis in further studies on the surface functionalization of electrospun fibers for
biomedical applications.

Due to the aforementioned limitations of the acid hydrolysis, for tissue engineering applications,
the alkaline hydrolysis is more often chosen [43-45]. The alkaline hydrolysis has a nucleophilic character
due to the presence of alkali metal hydroxides such as NaOH or KOH. The OH™ reacts with C=0, C-O,
and C-O-C functional groups in the polymeric surface area, where there is the lowest electron density,
and removes short segments of the polymeric chains. Asaresult, the hydrophilic groups such as-COOH
and —OH are formed on the fibers’ surface [44]. The higher concentration of the alkali metal hydroxide
the deeper the modification, and additional oxidizing agents accelerate the reaction, which causes
OH™ penetration deeper into the material. On the other hand, very fast and hence uncontrolled
hydrolysis leads to a decrease in the nanofiber mat’ mass and thickness [44]. Similarly to aminolysis,
hydrolysis might also serve as an intermediate step before protein immobilization. Sadeghi et al.
obtained PLGA scaffolds incorporated with collagen, applying hydrolysis as a 1st step followed by
the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) crosslinking.
The 1st step was carried out with the use of NaOH, in which fibers were hydrolyzed for 5 min at
room temperature. Then, the fibers” surface was activated through immersing fibers in EDC/NHS at
pH =6 at 4 °C. It was found that the wettability of PLGA increased significantly after hydrolysis and
collagen immobilization, while after aminolysis, water contact angle decreased from 132° to 98° and
further to zero after collagen immobilization. Additionally, FTIR spectra confirmed the presence of
immobilized collagen on PLGA fibrous scaffolds, proving the effectiveness of the functionalization
method. Cell viability MTT tests on human dermal fibroblasts (HDFs) and the keratinocyte cell line
(HaCaT) showed increased viability of the cells on the scaffolds with immobilized collagen after 14 days,
proving that modified in this way scaffolds are appropriate for skin tissue engineering applications [45].
In the other publication, De Luca et al. report on hydrolytically modified PLLA nanofibers after
using KOH and NaOH for 1 h at room temperature. FTIR spectra confirmed the effectiveness of this
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method by showing the -COOH and —OH groups on the fibers’ surface [46]. The presence of these
groups also affected the hydrophilicity of the PCL fibers, improving their biocompatibility. The water
contact angle decreased from 76.58 + 1.25° to 54.13 + 2.73° and 56.83 + 2.88° after NaOH and KOH
hydrolysis, respectively. MTS proliferation assay on Schwann cells demonstrated a substantial increase
in cell attachment and proliferation after 1, 3, and 5 days on modified samples compared to untreated
fibers [46].

2.1.2. Covalent Grafting

Covalent attachment or so-called “grafting” is generally carried out via chemical activation of
appropriate reagents on the treated surface. Two major methods, “grafting to” and “grafting from”,
can be distinguished in this regard.

“Grafting to” uses a coupling reaction that modifies the end functional polymer group with the
reactive functional groups resulting in a chemical change in the polymeric backbone. This type of
grafting uses all kinds of polymerization, including atom-transfer radical-polymerization (ATRP),
controlled free-radical polymerization (CFRP), or anionic polymerization [47,48]. Covalent grafting
was used for hydrophilic surface functionalization on PCL, PLLA, or polysulfone (PSU) and many
copolymers described below [49-52]. “Grafting to” is a method that might be used for a wide
range of materials, for instance, various monomers, such as acrylonitrile [22], acrylate, acrylamide,
and many others [47,48,53]. However, the polymerization time has to be precisely controlled; otherwise,
fibers” morphology might be destroyed, and bulk properties of such material might be changed [54].
“Grafting to” might be combined with other methods of surface functionalization. Such a combination
might bring not only hydrophilic surface functionalization but also provide additional features to
the obtained fibers. Fu et al. combined technology of RAFT polymerization, ATRP, electrospinning,
and “click chemistry” to obtain electrospun nanofibers made of poly (4-vinylbenzyl chloride) (°PVBC),
poly (glycidyl methacrylate) (PGMA), and poly-N-isopropylacrylamide (PNIPAM) to obtain fibers,
which were solvent-resistant with the thermal-sensitive surface [48]. Contact angle measurements
showed a significant change in PVBC74-b-PGMA46-g-PNIPAM? fibers wettability depending on the
ambient temperature. It was observed that the contact angle of hybrid fibers decreased from 140 to less
than 30° after a temperature decrease from 45 to 20 °C [48].

In the field of hydrophilic surface functionalization even more popular than “grafting to
is “grafting from”. In this method, the macromolecular backbone is modified with the purpose of
introducing reactive functional groups on the surface. This method requires an initiator, which might be
introduced to the surface through post-polymerization, copolymerization, or polycondensation [51,52].
For instance, “grafting from” might take place using an atmospheric pressure plasma jet (APP])
with argon as processing gas and in open-air. Maffei et al. functionalized PCL fibers with human
vitronectin adhesive cue (HVP peptide). In this respect, NH; groups were covalently grafted on the
electrospun PCL mat by APPJ deposition of a coating using (3-aminopropyl) triethoxysilane (APTES)
as a precursor. The fibers’ morphology was found unchanged. The MTT viability assay confirmed that
after functionalization adhesion and migration of 533 osteoblasts increased, however, only after 2 h of
culture. Further cellular tests are expected [50].

The other methods assume copolymerization grafting, induced biomolecules grafting,
grafting polymerization of acrylic acid (AAc) on polyesters surface followed by a chemical reaction
with biomolecules, or thermal-induced graft polymerization. Such functionalization usually takes place
on surfaces that were previously treated with plasma [55-57]. Ma et al. [55] used copolymerization
grafting of methacrylic acid (MAA) initiated by Ce (IV) after an air plasma treatment of electrospun
PSU fibers. The plasma treatment of exposed oxygen-containing groups on the polymer surfaces,
among which -OH groups combined with Ce** formed a redox initiating system, which initiated the
graft polymerization of MAA. The modified surface was activated with toluidine blue O (TBO) and
stable -COO- groups were formed and served as binding sites between proteins and functionalized
surface. After that, bovine serum albumin (BSA) was incorporated into the surface. The BSA served
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as a substitute for the potential protein for further studies. BSA covalently immobilized on the
PMAA grafted PSU fibers using the -COOH groups as coupling sites occurred to be successful.
Obtained material served as a microfiltration membrane [55].

In the biomolecules grafting method, collagen type I (Col I), nanohydroxyapatite (nHA), fibrin,
and chitosan are components that might be covalently incorporated into the polymer surface [56-61].
Chen et al. [62] treated PLLA nanofibers with oxygen plasma to expose -COOH groups on the
surface and subsequently, by covalent grafting, cationized gelatin was incorporated into the fiber’s
surface using an appropriate coupling agent (carbodiimide). After combining these two methods,
the hydrophilicity of the surface significantly improved with the contact angle decreasing from
135 to 15° after PLLA functionalization. Gelatin grafting to the PLLA fibers also slightly changed
the fiber morphology; they became rougher because of gelatin adhesion to the fibers. This change in
the scaffold morphology occurred to be beneficial for chondrocytes, which spread not only on the
surface of the modified fibers but also attached to the inner areas of the material’ structure. The MTS
cell viability assay also confirmed that the modified surface created a more preferred environment
for ECM production and chondrocytes proliferation even after 28 days [62]. Hesari et al. [51]
incorporated plasma treatment with covalent grafting of gelatin to modify a PU scaffold. The surface
was activated with oxygen plasma, and then gelatin macromolecules were incorporated into the surface.
Combining these two methods did not significantly change the fibers” microstructure, but improved
hydrophilicity, through an increase of -NH; and -COOH groups on the surface. Additionally,
incorporated biomacromolecules influenced 1929 fibroblasts’ behavior in the MTT assay after 7 days.
Functionalized surface increased cytocompatibility of the material, improved fibroblasts spreading,
and their proliferation ratio. Generally, grafting of reagents, such as gelatin, changes the microstructure
of the fiber mat and increases the average pore size, which might be good from the cells’ perspective.
On the other hand, it significantly impairs the mechanical properties of the material. Another thing is
that gelatin increases the hydrolytic degradation rate, which might be favorable unless the process
might be controlled [51]. On the other hand, surface graft polymerization usually requires plasma
initiation to generate free radicals. Hence, conditions of the reaction have to be thoroughly controlled,
otherwise undesirable side effects such as bulk properties deterioration, pore-blocking or collapsing,
and fibers” degradation [28] may take place.

2.2. Physically/Chemically Functionalized Fibers

Plasma Treatment

Plasma treatment is a particular type of hydrophilic surface functionalization. It is usually
categorized in the literature as a physical hydrophilic functionalization method [63,64]. However,
plasma treatment results in significant chemical changes on the polymers surface such as chemical
bonds breaking, leading to the introduction of various chemical groups like -OH, -COOH, CHO-,
NH2-, -COO-, and reactive radicals, such as -COO (Figure 2) [65]. According to this, it could be
classified as chemical functionalization [66]. Plasma treatment affects the surface energy of polymers
and improves the wettability of the surface by changing their polarity. Type of the plasma source, time,
and pressure are the main parameters controlling the functionalization process [23,26]. The method
allows one to modify PGA, PLLA, PLGA, PCL, PEO, PVDE, PU, or polyaniline (PANI) electrospun mats,
by forming appropriate functional groups such as -COOH on the modified surface as an effect of plasma
glow discharge with O, and C3H,O, in the gaseous form [26,67-69]. Plasma (ionized gas) generates free
radicals on the surface, which can behave similarly to polar groups [23]. Therefore, the following types
of sources can be distinguished: argon, oxygen, methane [64-70], ammonia/helium, nitrogen, or air [19].
The plasma source might significantly influence the surface wettability, introducing different functional
groups, which affect the immobilization of bioactive molecules on the treated surface. Asadianetal. [19]
modified PCL fibers using various plasma sources such as oxygen, argon, ammonia/helium, or nitrogen
showing a significant decrease in the contact angle from 135 before functionalization to 35° after



Polymers 2020, 12, 2636 8 of 20

argon plasma, to 24° after nitrogen plasma, and to 13° after He/NH, plasma. The MTT assay on
human foreskin fibroblasts (HFFs) revealed the significance of the discharged gas type on the cell
viability. After 1 and 7 days of the cell culture, the number of viable cells was the highest for the argon
plasma-treated samples and the lowest for the He/NH; plasma-treated samples. It was explained as a
result of the presence of O,-containing groups, which influenced more the cellular interaction than
nitrogen functional groups after He/NHj3 plasma functionalization.

Table 1. Comparison of chemical methods of hydrophilic functionalization of electrospun nanofibers.

Chemical Method Mechanism Advantages Disadvantages
deep functionalization of
the surface
requires precise control of the
Splitting of polymer short time of conditions of the reaction [31]
chains by reacting functionalization [6] possible molecular degradation
with-NH,; groups and increased roughness of polymer chains leading to
resulting introduction of of the surface [6] mechanical weakness
Aminolysis active -NH, and' -OH on non-toxicity of -NH, hlgh crystalhmty of Fhe pglyester
the surface, which may groups in direct limits effective modification [6]
further be explored in contact with cells, instability of amine groups on
secondary reactions to resulting in increased the surface at temperatures
incorporate other cells adhesion [33,34] above Tg, especially when Tg is
functional groups [6,31] below physiological
conditions [6]
use of harsh chemicals making
this method not ecofriendly
deep and permanent
Cleavage of chemical functionalization of the surface
bonds in polymeric a short time requires precise control of
chains by water of functionalization the conditions
Hydrolysis molecules resulting in increased roughness possible molecular degradation
OH and COOH of the surface of polymer chain leading to
formation on the mechanical weakness
modified surface use of harsh chemicals making
this method not ecofriendly
increase of average pore size
resulting in a decrease in
mechanical properties [51]
Chemical requires precise control of
functionalization of the increase of average functionalization time [28]
Covalent grafting polymer backbone to };ore size rfesglting. in uncontrolled hydrolytic
etter cell infiltration

introduce reactive
functional groups on the
surface [47,48]

into the scaffold [51]

degradation after biomolecules
grafting [51]

surface needs to be activated
with plasma [51]

biomolecules grafting might
change the fibers microstructure

Plasma treatment carries many advantages: it is ecofriendly and does not change bulk

properties and hence mechanical properties of the fibers [71-73]. Compared to all chemical and
physical hydrophilic functionalization methods, plasma treatment is the fastest method of surface
functionalization and usually lasts from few seconds to few minutes [71]. Apart from all these
advantages, plasma treatment effectively increases the hydrophilicity of hydrophobic polyesters
modifying only the top of the fibers’ surface without affecting the fiber layers beneath. In the case
of PLLA nanofibers modification using O, plasma, Kooshki et al. [74] showed effective surface
functionalization with -COOH and —-OH groups resulting in a reduction of the contact angle from 135°
to nearly zero [74]. Additionally, in vitro tests showed more significant mesenchymal stem cells (MSCs)
attachment to the polymer surface and their enhanced proliferation in the MTT assay after 7 days.
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Figure 2. Plasma treatment of electrospun nanofibers.

Despite many advantages, plasma treatment has some disadvantages. Plasma does not affect
the whole surface of the fibers, leaving some unmodified areas [28,31]. The method requires an
appropriate plasma source and precise control of the modification time. Otherwise, the treatment
might be ineffective or the morphology of fiber mats might be changed, even completely destroyed [75].
In some publications, it has been reported that plasma treatment might also worsen the mechanical
properties of electrospun nanofibers [76]. Dolci et al., using atmospheric plasma for the PLLA
nanofibrous scaffolds modification, observed the water contact angle reduction from 120 to 20°,
and a drop in Young modulus from 86 + 13 to 64 + 8 MPa. Another limitation of this method is
impermanence of the hydrophilic effect after functionalization, which fades away with time [77].
The reason is probably thermodynamic: a metastable system at a high free energy state proceeding
towards a thermodynamically more stable state with lower free energy, which manifests in surface
restructuring or so-called “surface aging” [78]. In effect, functional groups (polar groups) rearrange on
the modified surface after being stored at room temperature. It was reported that storage conditions,
type of polymer, and plasma treatment parameters significantly influence the stability of polar groups
on the modified surface [79-82].

In order to prevent surface restructuring and extend the effect of plasma treatment, Wavhal et al. [83]
recommend post-plasma grafting of acrylic acid (AA). This treatment allows for keeping hydrophilic
groups on the polyethersulfone (PES) surface in an unchanged form for 2 months.

Undoubtedly, plasma treatment is a great method for surface activation; thereby, it is usually
combined with other more permanent surface functionalization methods. Ghorbani et al. [69] activated
the surface of PU-PANI scaffolds for bone regeneration with the use of oxygen plasma. The following
step was PVA and PVA/3-glycidoxypropyltrimethoxysilane (GPTMS) immobilization to the activated
surface. PVA immobilization allowed one to increase biocompatibility and amount of hydrophilic
groups on the surface, while GPTMS provided better precipitation of hydroxyapatite and hence better
osteoblasts adhesion to the modified surface. Atomic force microscopy (AFM) showed that after
plasma treatment the degree of surface roughness increased from c.a. 97 to 144-429 nm. The waterdrop
contact angle measurements showed a decrease from 116 for pure PU/PANI to 65° after plasma
functionalization and to 62° after additional PVA/GPTMS immobilization, respectively. In vitro studies,
using an MTT assay on MG-63 osteoblastoma cells, confirmed increased adhesion and proliferation of
the cells on the functionalized surface after 7 days.
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More examples of combining plasma treatment with other functionalization methods were
described in the paragraph of covalent grafting and are discussed below.

2.3. Physically Functionalized Fibers by Physical Adsorption

Physical hydrophilic functionalization is an alternative to chemical methods and plasma surface
functionalization (Figure 3). It allows overcoming some limitations of chemical methods. They do
not change the bulk properties and therefore, mechanical properties, the process does not have to be
precisely controlled: there are no risks of hydrolytic degradation, it does not require toxic solvents,
which makes the method ecofriendly [84].

Simple physical LBL assembly
adsorption
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Figure 3. Physical functionalization of electrospun nanofibers.

On the other hand, hydrophilic functionalization is based on forming the whole spectrum of
physical interactions such as hydrophobic or electrostatic interactions, which usually are unstable and
impermanent [24]. Moreover, physical methods might adversely affect the fibers morphology [85].

The most popular physical methods of hydrophilic surface functionalization are discussed in the
following sections. Table 2 summarizes the main advantages and drawbacks of the physical surface
functionalization methods on electrospun nanofibers.

2.3.1. Simple Physical Adsorption

Physical adsorption is an uncomplicated method of hydrophilic and biological functionalization
of electrospun nanofibers. The method assumes spraying or soaking of nanofibers in a biomolecules
solution [24]. As a consequence of electrostatic, hydrogen, hydrophobic, and van der Waals
interactions, biomolecules can adhere to the surface of the fibers [26,86]. Physical adsorption
works for most nanofibrous polymers used in electrospinning such as PLGA, PEO, PLLA,
poly (vinyl pyrrolidone)-iodine (PVPI), PCL, and PVA [87-90]. The most popular biomolecules
adsorbed on the surface of the fibers are usually proteins, enzymes, polysaccharides, antibacterial agents,
growth factors, or vitamins [24,26,91-93].

This kind of functionalization improves cell capability to recognize the surface receptors and
increases their attachment to the modified surface without changing the bulk properties of the material
scaffold [85]. Compared to chemical methods, or blending, physical adsorption protects biomolecules
from denaturation in the presence of a harmful environment of organic solvents, high temperature,
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or high voltage during the electrospinning process [94]. Moreover, physical adsorption seems to be
a simple method providing fast immobilization of the biomolecules to the nanofibers” surface [89].
Nevertheless, some viscous bioactive agents such as hydrogels could change the fibers morphology
significantly. Viscous solutions might fill most of the pores in the electrospun mats, blocking its
availability for the cells. Esfahani et al. [85] modified polyamide-6 (PA6)/hydroxyapatite (HA)
electrospun nanofibers with vitamin VD3 to enhance bone regeneration. Immersion in VD3 solution
resulted in a dramatic increase in the fibers’ thickness, changes in fibers’ morphology, and blocking of
pores after 1 h of immersion.

Another limitation of this kind of functionalization is impermanence since physical binding
might be easily washed off the surface by polar solvents or the cell culture medium [24,95]. To extend
the effectiveness of this method, resulting in enhanced cell affinity to the surface, it is necessary to
combine two methods of surface functionalization. Yang et al. [24] conjugated plasma treatment
and physical adsorption. PLLA samples were divided into modified with plasma and unmodified.
Unmodified samples were directly soaked in collagen solution for 2 h, while modified samples were
pretreated with ammonia plasma, followed by coating with collagen. The best effect has been seen
while collagen adsorption was combined with plasma treatment. It increased the hydrophilicity
of the fiber’s surface through the increased amount of -OH, -COOH, and -NH, groups on the
surface. It also facilitated collagen adsorption by forming of a strong polar interaction and hydrogen
bonds between collagen and polar groups on the pretreated surface [24]. Conjugation of both
functionalization methods increased affinity of 3T3 fibroblasts to the PDLA surface after 4 days,
compared to the plasma-untreated fibers. In another paper, Jankowska et al. [96] modified poly
(methyl methacrylate)/polyaniline PMMA/PANI with laccase enzyme by combining both adsorption
and covalent binding methods to obtain potential membranes for separation processes or artificial
scaffolds for medical applications. The first step of functionalization was the coupling reaction between
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS)
and the PMMA/PANI surface. The second step was the physical adsorption of laccase. X-ray surface
composition microanalysis confirmed that after combining covalent binding physical adsorption,
the amount of oxygen, sulfur, chlorine, fluorine, and nitrogen increased significantly in comparison
to the sample before surface functionalization. It was visible, especially in the content of sulfur and
nitrogen, which increased almost twice after laccase binding.

2.3.2. LBL Assembly

The LBL technique is a specific type of physical adsorption, which works on the principle
of adsorption of oppositely charged polymers. By alternate deposition of opposite charge layers,
it is possible to create self-assembled coating and obtain the desired properties of the composite
material [26]. LBL was used for hydrophilic functionalization of PLLA, polyacrylonitrile (PAN),
PLGA, PNIPAM, PCL, or PCL/silk fibroins [97-103]. LBL usually allows creation of layers made of
polyelectrolytes, mainly natural materials such as proteins or polysaccharides. The layers might be
positively or negatively charged depending on the conditions in the solution, for instant, by choice
of pH [101]. In studies conducted by Li et al. [25], heparin (Hep) and chitosan (Cs) were adsorbed
on the PCL/silk fibroin (SF) nanofibers as scaffolds for treatment of cardiovascular diseases. The first
layer was made of positively charged Cs. The second layer was made of Hep, in which charge was
changed to negative by adjusting pH of the solution. Strong layers adhesion was a consequence
of electrostatic binding between Cs and Hep. Cs provided antibacterial properties, while Hep
improved protein activity and stimulated the release of anticoagulant and fibrinolytic substances from
vascular endothelial cells. The Alamar blue test confirmed good biocompatibility and improved cell
proliferation of modified PCL/SF scaffold. It was also demonstrated, that after LBL, human umbilical
vein endothelial cells (HUVEC) showed improved adhesion and proliferation on the modified surface
after 48 h. The antibacterial test showed that adsorbed layers reduced infectivity with Escherichia coli
and Staphylococcus aureus up to 95% [25]. In another study, Zhang et al. [102] deposited two layers:
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the self-assembling peptide (SAP) and RGD sequences on PCL nanofibers for neural tissue engineering
applications. Adhesion between the first SAP layer and PCL surface was a consequence of strong
hydrophobic interactions. Plasmid DNA (pDNA) complexes were used as a delivery system of the
CRISPR/dCas9 gene expression control system and with positively charged SAP and negatively charged
RGD was adsorbed as a consequence of electrostatic interactions. Deposited layers provided sustained
release of pDNA, enhanced cell adhesion, and proliferation of human mesenchymal stem cells (hMSCs)
and human neural progenitor cells (hNPCs) in Quant-iTPicoGreen dsDNA assay and Click-iTEdU cell
proliferation assay after 7 days of culturing. Using this method for nanofibers functionalization also
occurred to be a useful tool for non-viral genome editing.

LBL shows many advantages, one of them is that it does not change the bulk properties of
nanofibers [103]. From the processing point of view, LBL is easy to conduct, universal for covering
various even complex structures, and a wide range of charged substrates might be used in this
technique [26]. Similarly to the physical adsorption, deposited biomolecules are protected from
denaturation, avoiding the loss of provided functions [104].

The main limitation of this method is that both modified fibers surface and deposited layers
always need to be charged. For this reason, before LBL functionalization, the surface has to be prepared
by providing an appropriate charge. Chemical methods such as aminolysis, sulfonation of phenyl
groups (if they are present in the polyester material), and alkaline hydrolysis are examples of methods
providing an appropriate charge on the surface before LBL treatment [97,98,105]. Wang et al. [106]
functionalized the surface of PCL aligned fibers through grafting amino groups with the use of
polyethyleneimine (PEI) for 36 h. The next step was the LBL deposition of nanocoatings made
of antibacterial drug poly-L-lysine (PLL) encapsulated in gelatin and heparin. According to FTIR
analysis, deposited layers showed effective adhesion to the polymers surface as a consequence of
electrostatic interactions, where the gelatin -COOH groups bound strongly with the PLL -NHj3 groups.
Additionally, there were electrostatic interactions between the heparin -COOH groups and the PLL
-NHj; groups, and between heparin and gelatin. LBL coating, especially gelatin, was crosslinked
with genipin (GNP), and at the end, MMP2 enzyme was adsorbed on the layers in order to induce
the controlled release of PLL. SEM images showed that after GNP crosslinking, the fibers lost their
morphology, and GNP presence most likely blocked the action of the enzyme through an uncoupling
protein and reaction with free amino groups. Cell proliferation CCK-8 assay on HUVEC showed
significant improvement in the cells amount on the scaffold after functionalization after 3 and 5 days.
However, it was demonstrated that the layer of Gelatin/PLL had the greatest influence on the increased
cell affinity to the surface. It was an effect of the presence of bioactive polypeptides of gelatin and
positive charge of PLL, which promoted HUVECsS increased attachment and proliferation [106].

Table 2. Comparison of electrospun nanofibers physical hydrophilic functionalization methods
[24,26,85,93,97,98,104,106].

Physical Method Mechanism Advantages Disadvantages
Weak physical e does not change bulk e  might change fibers
. . interactions such as properties of the polymer [93] morphology, for instance
Simple physical h .. . . . ; .
; ydrophobic interactions, e  protects biomolecules from increases fibers thickness
adsorption h . -
ydrogen bonds, van der challenging environment or clogs the pores [85]
Waals interactions [24,26] e  simple, universal e  impermanent [24]

e  only charged substances
- . e does not change the bulk Y &
Electrostatic interactions . might be used [98,106]
properties of polymer
as an effect of alternate .
LBL e  protects biomolecules from a

embedding of oppositely . - )
charged substances [26] challengm'g environment [104]
e  simple, universal [26]

e  modified surface needs to
be charged, or previously
pre-treated to deposit
charge on the surface [97]




Polymers 2020, 12, 2636 13 of 20

3. Tissue Engineering Applications of Functionalized Polymer Nanofibers

Electrospun nanofibrous scaffolds possess many interesting properties for tissue engineering
applications, such as high surface area, and morphology, which fairly mimic ECM. Native ECM is
responsible for the stimulation of cellular mobility and further migration. An appropriate interaction
between fibrous ECM and the cellular cytoskeleton leads to improved cell mobility. Cells” ability to
recreate their own ECM is crucial for effective tissue regeneration [107]. However, besides appropriate
morphology, the perfect scaffold should also have appropriate biochemical cues, which might be
obtained by surface chemistry modification. Electrospun nanofibers made of aliphatic polyesters show
relatively poor hydrophilicity, and consequently, low biocompatibility [108]. Such materials without
surface functionalization do not have functional groups, which might be recognized by cell-binding
receptors increasing cell-scaffold adhesion.

An increase in hydrophilicity of electrospun membranes is the first step before immobilization
of biomacromolecules such as proteins or growth factors, providing stable anchor points for the
cells. The cells in contact with the scaffold need to feel materials surface biochemistry, which might
promote cell-signaling pathways. One of the positive effects of biologically functionalized material is
guiding the transcription factors responsible for the cell’s fate and regulation of their differentiation [13].
Surface modification with a protein, such as gelatin, which is extensively involved in building of
ECM, not only increases hydrophilicity but also mostly gives a cellular response. It is a result of the
recognition of bioactive ligands of RGDsequences by integrins.

Another protein containing RGD sequences is silk fibroin [109]. Bhattacharjee et al. aminolyzed
PCL nanofibers and activated the functional groups on the surface with GA, with subsequent silk
fibroin immobilization. MTT viability assay and Alamar blue proliferation assay on osteoblast-like MG
63 cells showed not only increased cell growth and adhesion to the functionalized surface (Figure 4),
but the cells were also able to create the native ECM, leading to bone tissue regeneration. Similarly to
these studies, a different bioactive protein—collagen was immobilized to PCL fibers previously
functionalized by aminolysis [110]. Biological tests on NIH 3T3 fibroblasts showed not only increased
proliferation on functionalized scaffolds but also enhanced infiltration inside the scaffolds. An increase
in cell proliferation was explained as a result of collagen presence, while enhanced infiltration most
likely as a result of increased hydrophilicity, which influenced significantly cell-scaffold interactions.

The same method has been also proven in the case of scaffolds for neural regeneration.
Amoresetal. [111] used laminin and RGD-containing peptide GRGDSP as the immobilized biomolecules
to the PCL scaffold. Proliferation tests using neural stem cells showed increased cells” density on
the functionalized scaffolds due to good access of the cell integrin receptor to the laminin and RGD
sequences on the scaffolds surface. Most importantly, neural stem cells were able to differentiate
into neurons and astrocytes showing enhanced neurons alignment on the functionalized material.
These examples have proven that proper scaffold morphology or mechanical properties alone are
not sufficient for effective tissue regeneration. More challenging tissues, such as neural, seem to
need a more sophisticated approach, such as hydrophilic functionalization followed by biological
groups incorporation.
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Figure 4. The cytoskeletal actin organization and distribution of MG-63 cells grown on (a) unmodified
PCL nanofibers, (b) PCL after aminolysis, (c) PCL blended with silk fibroin (SF), and (d) aminolyzed
PCL after subsequent SF immobilization at day-point 7. Reprinted from Eur. Polym. ]. 2015, 71, 490-509
with permission from Elsevier [109].

4. Conclusions and Future Perspectives

The review discusses current methods used for hydrophilic surface functionalization of electrospun
nanofibers targeting medical applications. Surfaces of nanofibrous mats can be functionalized with
wet chemical methods, covalent grafting, plasma treatment, and physical methods based on physical
adsorption. It may be concluded that a single hydrophilic functionalization method results in serious
limitations, thus, an alternative approach is required. It may be expected that future strategies would
be a combination of two or even more hydrophilic functionalization methods, at least one being
chemical, for instance, covalent grafting, aminolysis, or oxygen plasma followed by physical LBL
assembly. For instance, a combination of aminolysis, or hydrolysis with biomolecules immobilization,
not only improves hydrophilicity of the surface but also significantly increases aliphatic polyester
scaffolds biocompatibility. Both hydrophilicity and biomolecules incorporation are emerging important
issues in tissue engineering applications. The most effective functionalization methods, ultimately,
should provide sufficient surface biological activity, integrity, and mechanical properties of the scaffold.
Future strategies might also include additional specific benefits for defined applications, for instance,
electrical conductivity in scaffolds devoted to neural tissue engineering.

Future strategies combining more than one functionalization method are foreseen as highly
important for further development of electrospun nanofibers for tissue engineering applications.
We believe that combining and developing of hydrophilic functionalization methods will widely use
functionalized electrospun nanofibers in clinical applications, and this is only a question of time.
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This research work is aimed at studying the effect of ultrasounds on the effectiveness of fiber fragmentation by
taking into account the type of sonication medium, processing time, and various PLLA molecular weights.
Fragmentation was followed by an appropriate filtration in order to decrease fibers length distribution. It was
evidenced by fiber length determination using SEM that the fibers are shortened after ultrasonic treatment, and
the effectiveness of shortening depends on the two out of three investigated parameters, mostly on the sonication

medium, and processing time. The gel permeation chromatography (GPC) confirmed that such ultrasonic
treatment does not change the polymers’ molecular weight.

Our results allowed to optimize the ultrasonic fragmentation procedure of electrospun fibers while preliminary
viscosity measurements of fibers loaded into hydrogel confirmed their potential in further use as fillers for
injectable hydrogels for regenerative medicine applications.

1. Introduction

Therapies dedicated to cardiac, cartilage, muscle, and nerve regen-
eration require advanced, well-designed approaches. An ideal scaffold
should provide a 3-dimensional structure, with adequate biocompati-
bility, biodegradability, offering mechanical support for cells, but pri-
marily mimicking native extracellular matrix (ECM) (Lis et al., 2013). In
other words, such a scaffold should provide an appropriate environment
supporting cell proliferation, regeneration and encouraging the forma-
tion of healthy and functional living tissue.

There are plenty of methods allowing scaffold fabrication such as 3-D
printing (Gorecka et al., 2020), self-assembly (Zhu et al., 2010), phase
separation (Liu and Ma, 2009), solution blowing (Cui et al., 2020), or
electrospinning that has been commonly used for many years. Electro-
spinning is a cheap and uncomplicated method that allows to use a wide
spectrum of polymeric materials (Jeznach et al., 2019; Dulnik et al.,
2018). Electrospun nanofibers topography might be controlled through
material, process and ambient parameters, providing optimal structur-
e/properties. In reality electrospun mats are, however, more 2- than
3-dimensional and have small pores from the perspective of living cell
requirement. Since there is only one way to implement electrospun fi-
bers inside the body, by surgery, it also limits their application in some
fields of tissue engineering (Niemczyk et al., 2018). In contrast to elec-
trospun mats, hydrogels are 3-dimensional structures which, depending
on the used material, might be injected in targeted injury, perfectly
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filling the lesion. There are two serious limitations of hydrogels. One of
them is their poor mechanical properties that cause cells to collapse
during culturing. Another one is the lack of fibrous structure mimicking
collagen, fibronectin, or laminin fibers of native ECM. Nowadays, using
only one type of method for scaffold fabrication seems to be insufficient
for the high requirements of tissue engineering. Combination of two or
more scaffold fabrication methods gives more possibilities; therefore,
such an approach is currently getting ever-growing attention. Compared
to electrospun mats, short fibers could provide dispersion in the liquid
media. For instance, combination of injectable hydrogels with short
electrospun nanofibers allows obtaining a material with a unique fibrous
structure and properties attractive for tissue engineering. Such conju-
gation may improve the mimicry of ECM, providing an appropriate
environment for neural cell regeneration, strengthen the hydrogel me-
chanically, and provide additional support for cell growth. Besides
aforementioned advantages, short fibers are able to keep the injection
ability of the whole hydrogel/short fibers on the acceptable level. In
order to achieve the latter condition it is necessary to shorten long
electrospun fibers to avoid an excessive growth of viscosity during so-
lution injection. According to Wasupalli et al. (Wasupalli and Verma,
2020) ~100 pm length of short electrospun fibers added to the hydrogel
are considered to be injectable.

In the literature, there are several effective methods of electrospun
fibers shortening. To the most important ones are fiber fragmentation
during electrospinning, i.e., by tuning parameters of electrospinning
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(Regev et al., 2013; Greenfeld and Zussman, 2013), core-shell electro-
spinning by leaching of the shell from the core-shell fibers (Ravichan-
dran et al.,, 2012), electric spark (Fathona and Yabuki, 2013), or
post-electrospinning methods, which might be subsequently divided
into chemical and physical (mechanical) methods. One of the
post-electrospinning chemical methods is aminolysis, which provides
nanofibers fragmentation through the chemical cutting of polymeric
chains with the use of a particular diamine (Jeznach et al., 2019). By
adjusting the reaction conditions such as temperature, diamine con-
centration, and reaction time, stacked crystalline lamellae are formed in
the non-crystalline polymer fibers, which degrade into smaller segments
due to amorphous phase breakdown (Kim and Park, 2008). To
strengthen the effect of fragmentation, additional mechanical support-
ive methods are used. In many studies Castro et al., 2016, Petre et al.,
2019, ultrasonication is used to destroy more of amorphous parts be-
tween lamellae in aminolysed nanofibers and prevent fibers aggregation
(Heo et al., 2017). Although aminolysis seems to be effective, it has to be
precisely controlled otherwise polymers might losing their output
characteristics such as mechanical properties (Huang et al., 2016).

An alternative to the chemical methods is mechanical (physical)
ones. In this field, motor-driven blade cutting under liquid nitrogen
(Thieme et al., 2011; Jiang et al., 2013), cryo-micro cutting (Liao et al.,
2020), UV cutting with the presence of masks with a defined size of slits
(Stoiljkovic and Agarwal, 2008), laser cutting (Creighton et al., 2020)
and ultrasonication (Sawawi et al., 2013; Mulky et al., 2014) might be
distinguished. Ultrasonication is one of the methods used, among others,
for electrospun fibrous scaffold disintegration and their pore size
expansion. Additional use involves short electrospun fibers fabrication.
The fibers fragmentation mechanism assumes bubble cavitation and
implosion, followed with releasing energy and subsequent fibers frac-
ture and fragmentation (Sawawi et al., 2013). It allows obtaining short
fibers from brittle materials in a very fast and simple manner (Sawawi
et al., 2013). However, similarly to most of the mechanical methods, it
results in broad nanofibers’ length distribution, consequently limiting
the scope of their applications (Liao et al., 2020). To overcome this
problem, an additional step narrowing fiber length distribution is
needed.

This publication aim was to investigate the effect of some ultra-
sonication and material parameters - sonication medium, processing
time, polymer molecular weight, on the effectiveness of PLLA electro-
spun fibers fragmentation. Since PLLA is a biocompatible, and its glass
transition temperature (Tg) is above room temperature, the polymer
characterizes relative brittleness, which enables effective fragmentation
by ultrasonication (Zaszczynska et al., 2020; Kolbuk et al., 2020).

Additionally, post-fragmentation of short fibers was carried out to
narrow down the nanofibers length distribution.

This work allowed to optimize the procedure of ultrasonic fibers
fragmentation and provided information of the material that might be
used as a component of the injectable composite hydrogels system for
tissue engineering application.

2. Experimental
2.1. Electrospinning

Poly(l-lactide) acid (PLLA) with different molecular weights has
been used - Purasorb PL 18 (M,, ~ 217225 kDa Purac, Netherlands),
Purasorb PL 24 (M,, ~ 260 kDa, Purac, Netherlands), and Purasorb PL
49 (M,, ~ 330 kDa, determined from the gel permeation chromatog-
raphy described below in this work, Purac, Netherlands) (Nyanhongo
etal., 2013; Kasuga et al., 2012). All of the PLLA samples were dissolved
in 1,1,1,3,3,3, -hexafluoro-2-propanol (HFIP, Iris Biotech GmbH, Ger-
many) at room temperature and subsequently left to stir overnight. For
electrospinning 10 wt. % of PLLA PL 18, 8 wt. % of PLLA PL 24 as well as
5 wt. % of PLLA PL 49 were prepared. All of the PLLA solutions were
loaded into a 5-ml syringe and placed into a Bioinicia horizontal setup
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(Valencia, Spain) used for the electrospinning process. The solutions
flowed through 23-gauge stainless steel needles with an inner diameter
of 0.337 mm with the flow rate in the range of 1—2 ml/h. The distance
between the needle and the collector was 15 cm. The fibers were
collected on a rotating drum collector (5 cm radius and 7 c¢cm length)
rotating at 1000 rpm to obtain oriented fibers. The linear velocity was
5.24 m/s. The process was carried out at the temperature range of
22-25 °C and humidity range of 29-45 %. The positive voltage applied
to the needle was in the range of 12—14 kV. The collector always
maintained an electric potential of —2 kV. After electrospinning, all
materials were placed under a fume hood in order to evaporate the
solvents residuals.

2.2. Fragmentation

The electrospun mats were cut into c.a. 1-mm square pieces using a
scalpel and subsequently placed in a 50 mL falcon containing 8 mL of
sonication medium being a mixture of demineralized water with
ethanol, or isopropanol. Ultrasonic fragmentation was carried out using
UP200Ht (Hielscher, Germany) ultrasonic homogenizer with a $26d2
type 12-cm-diameter titanium sonotrode, working at 26 kHz. The
amplitude of 90-98 % with a sonication interval of 1 s/1 s ON/OFF, with
the total running time varied from 30 to 60 min. The sonication medium
used for this study was kept in the ice bath in order to avoid excessive
temperature increase during the process that may cause sonotrode
destruction. According to Sawawi et al. (2013), the process temperature
does not influence the fibers fragmentation and fibers final length.

After fragmentation, a sonication medium containing short fibers
was directly poured onto a foil under the fume hood to evaporate the
medium or filtered through 40 pm cell strainers to provide narrower
fibers length distribution. Then short fibers were dried overnight before
further characterization.

2.3. Characterization

The electrospun nanofibers morphology was investigated using a
Scanning Electron Microscope (SEM) (JEOL JSM-6390LV, Japan). Prior
to imaging, all of the samples were sputtered with 8 nm of gold. The
acceleration voltage was 7 kV. To evaluate fiber orientation, diameters
and lengths, the ImageJ software was applied. The fiber diameter and
length distributions were calculated by means of 100 fibers measure-
ments for each sample and subsequently approximated with Gaussian
and Biphasic dose-response functions. The fiber orientation was deter-
mined with the use of ImageJ software supplemented with the Fiji di-
rections plugin. This plugin generated a histogram presenting the
number of fibers in a given direction, which was created due to periodic
repeats in intensity in the analysed SEM image using the Fourier image
analysis method (Clemons et al., 2018). Obtained histograms were
approximated with Gauss function, of which a half-width was
designated.

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

The WAXS was used to investigate the degree of crystallinity of
electrospun PLLA PL 18, PLLA PL 24 and PLLA PL 49. The WAXS scans
were registered with the use of D8 Discover diffractometer, Bruker,
Germany. To record the radial profiles, CuK, radiation at a voltage of 40
kV and a current of 20 mA, A = 1.5418 A in coupled theta, 2Theta mode
was used. For measurements, a reflection mode with the Goebel optics
was used for beam formation with a 1 mm slit and Soller collimator.
Lynx Eye 1-D silicon eye with high sensitivity was used as a detector. A
diffraction angle of 2 Theta was in the range of 6-30 °, while data
collection time at the angular point was 1 s. The WAXS results were
prepared for further analysis by subtraction of a background scan (scan
without the sample) using Bruker evaluation software. After that, WAXS
scans were numerically analysed using PeakFit software by
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Fig. 1. SEM images of electrospun nanofibers and fiber orientation distribution (with numerical approximation) for: a), d) 5 wt. % PLLA PL 49; b), e) 8 wt. % PLLA PL

24; ¢), f) 10 wt. % PLLA PL 18.

deconvolution with the Gauss functions for amorphous scattering and
Pearson VIII for crystal scattering diffraction. Finally, the crystallinity
degree was assigned as a ratio of crystalline diffraction peaks area and
the overall area in the investigated scattering range.

2.5. Gel permeation chromatography (GPC)

In order to check if ultrasonic treatment decreases PLLA molecular
weight, as reported by Chen et al. (2018a), GPC measurements have
been carried out. The analysed PLLA samples were dissolved in chlo-
roform (CHCl3) at 2.0 mg/mL. Solutions were then filtered using 0.22
pm syringe filters (Biosens). Number average (M,) and weight average
(M) molecular weights of the PLLA samples were determined using
Shimadzu LC-2030C Plus 3D Prominence-i instrument, with a refractive
index detector, RID-20 calibrated with polystyrene standards and a
Phenogel ™ 5um 10E5 A column (Phenomenex). The tetrahydrofuran
(THF) was used as the eluent, at 40 °C. THF flow rate was 1 mL/min. A
universal calibration was used for the evaluation of the Mn and Mw,
using Mark-Houwink constants for PLA (a = 0.65, K = 0.001 dl/g) and
polystyrene (PS) (x = 0.7, K = 0.00014 dl/g), which was used as a
standard (Nuuttila, 2018).

Based on GPC results, the determination of the molecular weight
distribution was obtained by a numerical deconvolution. It was neces-
sary because of incomplete solubility of PLLA in chloroform with a most
probable tendency of molecular aggregation.

Deconvolution was carried out with the log-normal function using
Origin software to determine lower molecular weight component, which
corresponds to the part of the polymer that is actually molecularly dis-
solved in the solvent. For this component, the subsequent number
average molecular weight (M,) and weight average molecular weight
(M,,) were determined using the following equations:
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where N; is the number of polymer molecules, while M; is their molec-
ular weight.

2.6. Viscosity of hydrogel

The hydrogel system was made of 2 wt. % Methylcellulose
(METHOCEL A15 LV, Sigma Aldrich) and 2 wt. % Agarose (SeaprepR,
Lonza) mixed in the wt. ratio of 1:1. This solution served for preliminary
studies for formation of injectable hydrogel loaded with fibers. The
viscosities of hydrogel without fibers, hydrogel loaded with 1 mg/ml
and 2 mg/ml of PLLA PL 49 short fibers were investigated.

HADV-III Ultra fitted with cone/plate geometry, at a constant tem-
perature of 22 °C and a constant shear rate 500 s ~'. The chosen shear
rate was the highest possible achieved by the viscometer with an
available cone of CP-52 (cone angle 3°). It is as close as possible to the
shear rates estimated for the real systems used for hydrogel injection in
medical practice. The applied shear rate, y = 500 s *, results in volu-
metric flow rate of solution, Q = 2 pL/s, at the inner diameter of the
needle, R =0.36 mm (23 gauge needle), during injection as can be
determined using the following equation (Pakravan et al., 2012):

40

TR

e 3)

All of the measurements were carried out four times for each sample
after 1 s and after 5 min.

2.7. Statistics

A difference between fragmented fibers length depending on used
sonication solution as well as ultrasonication time was analysed using
one-way ANOVA method between groups ANOVA and analysis of
variance tests (ANOVA). All statistical analyses were performed for p <
0.05.

3. Results and discussion
3.1. Electrospinning and fragmentation

The applied electrospinning conditions lead to formation of fibers
with preferred orientation (Fig.1). The choice of such morphology for
further fragmentation was motivated by the literature reports. Accord-
ing to Sawawi et al. (2013), fragmentation of oriented electrospun
nanofibers is less challenging since the degree of fiber entanglement is
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Fig. 2. SEM images and histograms of fiber length distribution of 10 wt. % PLLA PL 18 electrospun nanofibers fragmented in: a), d) water, b), e) ethanol, c), f)

isopropanol for 60 min.

much lower compared to randomly oriented polymer fibers. It was also
reported that higher degree of fiber alignment in the original web led to
obtaining shorter fibers upon fragmentation (Castro et al., 2016; Sawawi
et al. (2013)). Fig.1 presents SEM images of electrospun samples
together with their directionality histograms. Degree of fiber orientation
was characterized as inversely proportional to the half-width of direc-
tionality distribution, being the highest for 8 wt. % PLLA PL 24 and the
lowest for 5 wt. % PLLA PL 49 (Fig. 1).

10 wt. % PLLA PL 18 fibrous mats were subjected to ultrasonic
fragmentations in various sonication media - water, ethanol, and iso-
propanol. Fig. 2 illustrates the morphology of fragmented fibers together
with corresponding fiber length distributions for solutions used during
sonication. Since the PLLA fibers were mostly tangled after ultra-
sonication in water, and their average fibers length was 237 + 6.7 pm, it
is evident that water is not effective as a sonication medium. Ethanol and
isopropanol were more effective as sonication solutions with statistically
significant differences in the average values of the fiber length and
variances at the 0.05 level, for both solutions. The average PLLA fibers
length fragmented in ethanol was 91 + 6.9 pm, while these fragmented
in isopropanol were almost 2-fold lower (50 + 4.9 pm) (Fig.2 d, e).

This phenomenon can be explained by different molecular in-
teractions between polymer and sonication solutions in both cases
(Sawawi et al., 2013). To evaluate the interactions between polymer and
solvent, Hansen solubility parameters can be used (Hansen, 2007;
Bordes et al., 2010). According to this methodology, the interactions are
divided into a dispersing part (5d), polar part (sh), and hydrogen part
(8h).

5= (B+8+ &) @

These parameters create a 3-D solubility space called “Hansen
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Fig. 3. Average fiber length vs. time of ultrasonication in isopropanol.
Approximation with exponential function.

aforementioned polymer and solvent parameters, considered as points
in Hansen space, are nearby, the probability that the solvent dissolves
the polymer is high. To determine the distance between solubility pa-
rameters of solvent and solute, the following equation is used:

Ry=4(8q - 8a1)” + (Bp2 - 8p1)” + (B2 - )’ ®)

While R, is an interaction radius, 8q1, dp1, 6h1 are parameters of solute,
while 8q2, Sp2, Sh2 are parameters of solvent.

By comparing R, with the solubility radius of polymer, Ry, it is
possible to evaluate the solubility of a particular polymer in various

space”, where solvent meets polymers molecules. When the solvents. The ratio of R, and Ry is called relative energy difference

Table 1

Literature Hansen solubility parameters for PLLA, water, ethanol and isopropanol (Agrawal et al., 2004; Abbott and Hansen, 2008), and calculated RED.

5d [MPa®°] 8p [MPa®°] 8h [MPa’*] RO [MPa’?] Ra [MPa®°] RED

PLLA 16.85 9.00 4.05 9.71 - -
Water 15.5 16.00 42.3 - 24.35 4.01
Ethanol 15.8 8.8 19.4 - 15.36 1.59
Isopropanol 15.80 6.1 16.4 - 24.77 1.33
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Fig. 4. Average fiber diameter vs. time of ultrasonication in isopropanol.

(RED). The relative energy density 0 means there is no energy differ-
ence, RED less than 1 indicate high affinity and RED greater than 1
indicate progressively lower affinity between polymer and a solvent
(Hansen, 2007; Barton, 1991).

Based on the eq. (5) we investigated the PLLA solubility in water,
ethanol and isopropanol (Agrawal et al., 2004; Abbott and Hansen,
2008). The results show (Table 1) that all of the solvents are considered
to be poor which is expected from the ultrasonication medium. The
solvents used as a sonication medium are supposed to help fibers
shortening during sonication. It is evident from Table 1 that the calcu-
lated RED is the lowest for isopropanol indicating the strongest molec-
ular interactions with PLLA. This fact is consistent with our macroscopic

Before fragmentation

~

x

PLLA PL 49

PLLA PL 24

PLLA PL 18

After ultrasonic fragmentation
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observations clearly indicating that isopropanol is a most effective me-
dium for PLLA ultrasonication. The isopropanol was consequently cho-
sen for further studies.

The next investigated parameter that influenced the effectiveness of
ultrasonic fragmentation was PLLA molecular weight. Fibers of PLLA PL
49, PLLA PL 24 and PLLA PL 18 had at the longest sonication time the
average values of 58 + 3.5 pm, 64 + 4.4 ym and 51 + 4.2 pm, respec-
tively (Fig. 3). The results shown in Fig. 3 clearly indicate that there is no
dependence between efficiency of ultrasonic fragmentation and the
polymers molecular weight after long time of fragmentation in the
investigated range of molecular weights.

The parameter that was also considered to be crucial for the effi-
ciency of fiber fragmentation was the ultrasonication time. Figs. 3, 4
present fibers length and diameter vs. ultrasonication time for PLLA
samples with different molecular weights. Independent of the molecular
weight, fiber length decreased exponentially with the ultrasonication
time. The stable fiber length was practically approached after 40 min of
ultrasonication at the range of 58 —70 pm. The shortest fibers were
obtained for 10 wt. % PLLA PL 18.

The analysis of fiber diameter vs. ultrasonication time indicates no
statistically significant effect of ultrasonication time on fiber diameter
(Fig.4).

The subsequent step was filtration through 40 pm cell strainers of
fibers previously ultrasonically fragmented for 60 min. Analysis of SEM
images (Fig. 5), corresponding histograms (Fig. 6) and the resulting fiber
lengths (Table 2) indicates that filtration reduced the fraction of rela-
tively long fibers leading to slight reduction of the average fiber length.
These results indicated the reduction of the average fiber length
1.2—1.7-fold after filtration. The shortest fibers after filtration were
obtained for 10 wt. % PLLA PL 18 and 5 wt. % PLLA PL 49 (Table 2).

Additional parameter used by us for comparison of fiber length

After filtration

Fig. 5. SEM images of electrospun nanofibers.
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Fig. 6. Histograms of fiber length distribution for: a) 5 wt. % PLLA 49 after 60 min of fragmentation, b) 5 wt. % PLLA 49 after subsequent filtration c¢) 8 wt. % PLLA
PL 24 after fragmentation and d) 8 wt. % PLLA PL 24 after subsequent filtration, e) 10 wt. % PLLA PL 18 after fragmentation, f) 10 wt. % PLLA PL 18 after sub-

sequent filtration.

Table 2
Comparison of the average fibers diameter before and after filtration.

Material fiber length before filtration [um] fiber length after filtration [pm]
PLLA PL 49 58 + 3.5 42 +2

PLLAPL24 64 +44 46 + 3.4

PLLAPL18 51 +4.2 44 £ 2

before and after filtration was the coefficient of variation (CV) defined as
aratio of the standard deviation (SD) to the mean fiber length. The PLLA
fibers exhibited quite wide fiber length distribution after 60 min of
fragmentation. For PLLA PL 49, PLLA PL 24, and PLLA PL18 CV before
filtration CV was 6, 6.9, and 8.2 % while after filtration was 4.7, 7.4 and
4.5 %, respectively.

Our results indicate that as expected there are no changes of fiber
diameter after filtration.

3.2. WAXS

Fig. 7 and Table 3 present the WAXS profiles of electrospun PLLA PL
49, PLLA PL 24, and PLLA PL 18. All of the profiles consist of a broad
scattering approximated using two Gauss functions with a maximum at
2Theta = 14.9°, 21.2° and several peaks coming from the diffraction on
crystal planes. Amorphous components arise from two characteristic
inter-chain spacings (Monnier et al., 2015; Chen et al., 2018b). In the
case of electrospun fibers, crystallinity was extremely low, increasing
slightly with the decrease of polymers molecular weight. For electrospun
PLLA PL 49 sample there is no crystallinity, while the PLLA PL 24 sample
and PLLA PL 18 sample showed only one low intensity peak from
(110/200) planes from the mesomorphic form at 2Theta = 16.5°.

Mesophase is developed from the strain-oriented amorphous chains
(Jeznach et al., 2019). After ultrasonic fragmentation all of the samples
showed a dramatic increase of crystallinity evidencing by relatively
strong crystalline peaks at 2Theta of 15.11°, 16.5°, 18.9° and 22.3°
corresponding to (010), (110/200), (203) and (015) crystallographic
planes, respectively (Jeznach et al.,, 2019). We anticipated that the
observed increase in crystallinity after ultrasonic fragmentation is
mostly due to increased molecular mobility, favouring crystallization as
a result of temperature increase during the ultrasonication process. The
ice bath keeps the appropriate temperature for a while, but after 60 min
of fragmentation, the sonication solution with fibers is heated by ul-
trasounds up to 42 °C, which is close to the glass transition the tem-
perature of PLLA.

3.3. Gel permeation chromatography (GPC)

Fig. 8 and Table 4 show the changes in the molecular weight dis-
tribution of PLLA before, after electrospinning, and after subsequent
fibers fragmentation. The GPC results indicate that the molecular weight
distribution of PLLA is not affected by both electrospinning and subse-
quent fragmentation. Similarly to the Lees report (Lee et al., 2011), the
position and intensity of GPC peaks were similar before and after
polymers processing.

Contrary to the chemical and physical fragmentation methods such
as UV treatment (Abbott and Hansen, 2008), the ultrasonication method
does not cause PLLA molecular degradation. It is essential in scaffold
designing to avoid mechanical weakening during post-electrospinning
functionalization (Alves et al., 2011).
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Fig. 7. WAXS profiles of PLLA PL 49, PLLA PL 24, and PLLA PL 18. Experimental curves: a) after electrospinning, c) after subsequent fragmentation. Example of
numerical fitting with Gauss (amorphous) and Pearson VII (crystals) functions: b) after electrospinning, d) after subsequent fragmentation.

Table 3
The crystallinity degree of PLLA PL 49, PLLA PL 24 and PLLA PL 18.
Material Crystallinity degree of Crystallinity degree of
electrospun fibers [%] fragmented fibers [%]
PLLA PL 0.35 52.06
49
PLLA PL 0.78 41.43
24
PLLA PL 0.98 40.17
18
——PLLAPL49
——PLLAPL24
00 4 PLLAPL 18

=5 wt. % PLLA PL 49

=8 Wt. % PLLA PL 24

800 ——10wt. % PLLAPL 18

— Fragmented 5 wt. % PLLA PL 49
— Fragmented 8 wt. % PLLA PL 24
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700

600

500

400

300

Fraction of molecules

200

100

- -
300 400
M, [kDa]

T T
100 200

Fig. 8. Lower molecular weight component for PLLA samples from GPC anal-
ysis before, and after polymers processing.

3.4. Viscosity of hydrogel

The change of viscosities for each sample after 1 s and 5 min were
within the error range. Such behaviour demonstrates the hydrogel sta-
bility before and after fibers addition. From the results it is evident that
viscosity of the solutions increased with the fibers concentration
(Table 5). The viscosity increase is directly proportional to the amount
of added fibers, and obtained hydrogels loaded with fibers are still

Table 4

The average molecular weight calculated from Lognormal fit and Mark-Houwink
parameters for PLLA (x = 0.65, K =1 E-3 dl/g) and PS (a = 0.7, K= 1.41 E-4 dl/
2.

Material M, [kDa] M, [kDal]
PLLA PL 49 pellets 230 327

5 wt. % PLLA PL49 268 335
Fragmented 5 wt. % PLLA PL49 266 337
PLLA PL 24 pellets 95 98

8 wt. % PLLA PL 24 95 99
Fragmented 8 wt. % PLLA PL 24 78 88

PLLA PL 18 pellets 76 78

10 wt. % PLLA PL 18 78 80
Fragmented 10 wt. % PLLA PL 18 76 78

The estimated SD was as follows: for PLLA pellets 21-38 %; for electrospun fi-
bers 11-19 %; for fragmented fibers 13-18 %.

Table 5
Viscosity measurements of hydrogel before and after addition of short fibers.

Material Viscosity [Pa
]

2 wt. % Methylcellulose/2 wt. % Agarose after 1 s 131.4 £5.2

2 wt. % Methylcellulose/2 wt. % Agarose after 5 min 128.6 + 6.3

2 wt. % Methylcellulose/2 wt. % Agarose loaded with 1 mg/mlof ~ 137.9 + 2.8
PLLA PL 49 fibers after 1 s

2 wt. % Methylcellulose/2 wt. % Agarose loaded with 1 mg/ml of ~ 137.9 + 3
PLLA PL 49 fibers after 5 min

2 wt. % Methylcellulose/2 wt. % Agarose loaded with 2 mg/ml of  147.8 + 15
PLLA PL 49 fibers after 1 s

2 wt. % Methylcellulose/2 wt. % Agarose loaded with 2 mg/ml of  148.8 + 14

PLLA PL 49 fibers after 5 min

considered to be injectable. According to Jezek et al. (2011) the viscosity
that limits liquid injectability is 10 mPa s through a 22 gauge needle.

4. Conclusions
We showed that among investigated ultrasonication parameters,

sonication medium, and the duration of the process are essential for the
efficiency of fibers fragmentation. We successfully optimized the
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ultrasonic fragmentation process, by choosing isopropanol as a soni-
cation medium and relevant fragmentation time of 60 min. The post-
fragmentation filtration through 40 um filters additionally reduced
fiber length distribution and coefficient of variation by removing the
fraction of long fibers.

These studies show that such classic and simple physical methods as
ultrasonication effectively shorten PLLA oriented electrospun fibers.
Although the method does not change the molecular weight of the
polymer, it affects crystallinity of PLLA fibers.

Considering many possibilities offered by electrospun nanofibers,
production of short nanofibers increases the range of their potential use.
They might find new applications as coatings or smart composites,
showing that electrospinning has still a lot to offer as a method.

The preliminary viscosity studies confirmed good dispersion of the
short electrospun nanofibers in the liquid media, injectability of
hydrogel/short fibers system, and demonstrates the great potential of
such an approach in many fields of science. In the future, more char-
acteristics of a hydrogel loaded with short fibers will be investigated in
terms of controlled injectability, mechanical and biological properties
mimicking ECM. These features will provide an essential cognitive step
toward designing composite scaffolds for tissue engineering
applications.
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Abstract: A methylcellulose (MC) is one of the materials representatives performing unique thermal-
responsive properties. While reaching a critical temperature upon heating MC undergoes a physical
sol-gel transition and consequently becomes a gel. The MC has been studied for many years and
researchers agree that the MC gelation is related to the lower critical solution temperature (LCST).
Nevertheless, a precise description of the MC gelation mechanism remains under discussion. In this
study, we explained the MC gelation mechanism through examination of a wide range of MC
concentrations via differential scanning calorimetry (DSC). The results evidenced that MC gelation is
a multistep thermoreversible process, manifested by three and two endotherms depending on MC
concentration. The occurrence of the three endotherms for low MC concentrations during heating
has not been reported in the literature before. We justify this phenomenon by manifestation of three
various transitions. The first one manifests water—water interactions, i.e., spanning water network
breakdown into small water clusters. It is clearly evidenced by additional normalization to the
water content. The second effect corresponds to polymer-water interactions, i.e., breakdown of
water cages surrounded methoxy groups of MC. The last one is related to the polymer—polymer
interactions, i.e., fibril hydrophobic domain formation. Not only did these results clarify the MC
crosslinking mechanism, but also in the future will help to assess MC relevance for various potential
application fields.

Keywords: methylcellulose; thermosensitive hydrogel; crosslinking; DSC

1. Introduction

Smart or so-called stimuli-responsive materials are up-and-coming to a wide range of
scientific and industrial fields such as textiles, the food industry, sensors, or materials for
biomedical applications [1-6]. Excellent examples of such materials are piezoelectric electro-
spun nanofibers [7], self-repairing films [8], or hydrogels [9]. The latter represents a unique
behavior by changes in swelling, degradation, or gelation as a response to external stimuli
in a specified and adjustable manner. In this respect, these materials might respond to pH,
electric and magnetic field, light, or temperature [10-12]. Among many stimuli-responsive
hydrogel materials, methylcellulose (MC) displays a thermal responsive character and de-
serves special attention due to its interesting physical crosslinking nature [13]. MC belongs
to the simplest cellulose derivative, where hydroxyl groups (-OH), initially present in cel-
lulose, are partially substituted with methoxy groups (-OCH3z). Such modification makes
cellulose amphiphilic, water-soluble, and exhibit thermally reversible crosslinking behavior
near the physiological temperature, which is particularly interesting from the point of view
of biopolymeric materials development [14,15].

MC aqueous solutions demonstrate physical crosslinking due to weak physical inter-
actions which appear under particular temperature conditions. The lower critical solution
temperature (LCST) defines the MC sol-gel transition. Depending on such parameters as
substitution degree (DS), i.e., the average number of -OH groups substituted with -OCHj3
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in glucose units; the heating rate; the presence of additives; and molecular mass (MW),
LCST might appear in the range of 30-80 °C [16]. Below LCST, MC aqueous solution is in a
sol state, where solvent-solvent and polymer-solvent interactions dominate in the solution.
Above LCST, polymer—polymer interactions start to prevail resulting in the formation of 3D
hydrogel structure. In many literature reports, e.g., [17,18], describing LCST crosslinking
behavior, it is stated that MC crosslinking occurs through several stages in low- as well as
high-concentrated MC solutions. Nevertheless, the nature of MC crosslinking mechanisms
is still under debate. According to Chevillard et al. [17], the MC multistep crosslinking
mechanism, derived from rheological measurements, is explained by the existence of three
gels in the phase diagram. The first one is a low-temperature low concentration gel which
forms through weak hydrophobic domains, the second one was found at high concen-
tration and forms through appearance of crystallites, while the third one forms during
phase separation [19]. More current studies [18,20] tend to accept new MC crosslinking
mechanisms based on fibril formation. This theory assumes primary nucleation followed
by coalescence of associated chains with further crystallization. For many years, the MC
crosslinking mechanism was related to destruction of “water-cages” surrounding -OCHjz
groups and simultaneously interacting with -OH through hydrogen bonds followed by
the formation of associated hydrophobic domains [21-24]. Other current studies of MC
crosslinking mechanisms conducted by Yang et al. [25] confirmed this theory, but also
showed that formation of associated hydrophobic domains of MC chains resembles fibril
structures. The studies were confirmed with rheological measurements, accompanied
with all-atom molecular dynamic simulations. Especially the latter method, as opposed
to most of the experimental methods, allowed to detect and qualify the actual molecular
interactions between MC chains and water molecules.

The MC crosslinking mechanism still remains unclear because providing adequate
experimental conditions is usually challenging. MC shows reversible sol-gel transition,
and the thermally crosslinked hydrogel is expected to return to the sol form upon cooling
to the temperature below LCST. Nevertheless, upon the temperature change, the sol-gel
reversible transition kinetics might vary and be unrepeatable [11]. Those differences depend
on heating/cooling rate, thus, on the time allowed for assembly of the hydrogel network
or its decomposition. The sol-gel transition of MC has been characterized using various
methods, e.g., rheological measurements such as dynamic mechanical analysis [26], the
inversion tube [27], or DSC [19,28].

Rheological measurements might give clear information about materials’ crosslinking
point when intersection of the storage modulus (G’) and the loss modulus (G”) curves
results in clear dominance of G’ over G” [29]. But there exist types of polymers, where
crosslinking does not show any or clear enough the G’ and G” intersection point. Some
commercially available materials belong to this group including MC aqueous solutions. In
such a case, depending on the measurement conditions: isothermal or in heating/cooling
mode, detailed information on the maximum of crosslinking rate or crosslinking tempera-
ture might be determined from the time or temperature derivative of the G’ curve. Another
difficulty in MC crosslinking measurements is ensuring hermetic conditions to avoid water
evaporation resulting in unreliable results. Since rheological studies dedicated to hydrogels
are based on plate or cone geometry, there are few methods to avoid water evaporation
from the solution. One of them is using a solvent trap, e.g., silicone oil [30]. Nevertheless, in
our previous studies [26], we observed that silicone oil partially reacted with MC hindering
its crosslinking effect. Another method of avoiding water evaporation uses additional cov-
ering plates. Nevertheless, long measurements of MC crosslinking at higher temperatures
results in partial drying out of MC solutions. In this regard, extra covering plates seem
insufficient and although keeping the same parameters during measurements, obtained
results might be biased.

Using the inversion tube method which ensures hermetic conditions, it is possible
to indicate the sol-gel transition macroscopically determining mobility of crosslinked
hydrogel after inverting the vial filled with the sample. When hydrogel does not flow after



Polymers 2022, 14, 1810

30f12

a particular time, e.g., 10 s, it is considered to be crosslinked [31]. However, that method is
not able to provide fundamental information about hydrogels structure after crosslinking
time, i.e., if the hydrogel crosslinked partially or formed a fully crosslinked polymeric
network. The method also cannot provide any details of the crosslinking mechanism.
DSC seems to overcome all of the above-mentioned limitations connected with alter-
native sol-gel transition characterization methods. The hermetic environment preventing
water evaporation might be easily ensured by using special hermetic pans, while registered
thermograms may show the thermal effects accompanying the structural changes that take
place in MC solution in an isothermal or heating/cooling mode. With this method, it could
be clearly answered if MC crosslinking mechanism resembles more crystallites formation
or hydrophobic associations, the first of which is exo- and the second- endothermic effect.
Therefore, our studies are aimed at clarification of the MC thermal crosslinking mech-
anism by thorough and systematical analysis of DSC thermograms for a wide range of MC
concentrations. Our results show several endotherms appearing during heating as well as
cooling, which have never been noticed and discussed before. The dependencies of thermal
effects on MC concentration were used for the interpretation of molecular mechanisms
during heating and compared with the experiments and interpretations described in the
literature. These results allowed us to assess MC relevance for such applications as in situ
crosslinking scaffolds for tissue regeneration, cell, growth factor, or drug delivery systems.

2. Materials and Methods
2.1. Materials

MC (METHOCEL A15LYV, Sigma Aldrich, St. Louis, MO, USA, viscosity of 10-25 mPa*s,
2% in HpO (20 °C)) was used for hydrogel formation. A wide range of concentrations, i.e.,
0.5-14 wt% was prepared according to the procedure reported in our previous publication [26].

2.2. DSC

Thermograms were registered using a power-compensation differential scanning
calorimeter Pyris 1 DSC (Perkin-Elmer, Waltham, MA, USA). The scans were registered
at non-isothermal conditions, at a constant heating/cooling rate of 2 K/min, in the tem-
perature range from —5 to 100 °C, equilibrated isothermally for 5 min. The samples were
loaded into dedicated stainless steel hermetically sealed pans that ensured no sample mass
exchange with the environment, which was assured by checking the stability of sample
mass. Preliminary measurements revealed a very low heat flow signal of the transitions;
thus, special approaches were implemented. The pans were top filled resulting in the sam-
ple’s mass in the range of 63-78 mg. Instead of the standard approach of the measurements
against an empty reference pan, in order to improve the heat flow signal from the thermal
effects, the samples were measured against a reference pan filled with demineralized water
of comparable mass c.a. 70 mg. This provided comparable heat capacities of the sample
and reference. Additionally, the heating/cooling cycle was repeated ten times and aver-
aged to increase the heat flow-to-noise signal ratio, which further improved the quality of
measurements. The same procedures were used previously in [26], however, in slightly
narrower temperature range, i.e., —10-80 °C and less MC concentration points have been
studied. The choice to increase the low temperature limit from —10 to —5 °C enabled to
avoid unwanted occasionally occurring crystallization of water in the reference pan. The
choice to increase the high temperature limit from 80 °C to 100 °C substantially improved
analysis of the thermal effects. In current studies we also decided to increase the number of
MC concentration points to reveal and better understand the effect of the MC concentration
on the crosslinking mechanism.

DSC heating/cooling scans registered at a constant rate were subjected to the analysis
of the MC content impact on the thermal effects, i.e., on each of several over-imposed peaks.
It was essential to separate individual peaks reflecting their asymmetric shape. Much
effort was put into the peaks’ deconvolution (NLSF with tolerance 1 x 10~°, standard
Leveberg Marquardt iteration algorithm, the confidence level for parameters 95%), which
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was realized using the asymmetric double sigmoid (ADS) function and the nonlinear least
squares fitting method. Individual peaks were characterized by the parameters determined
from ADS fitting and analysis as the peak area, representing the transition latent heat,
AH, peak’s maximum temperature position, T, and peak’s full width at half maximum,
FWHM, reflecting the transition rate (all of the ADS function parameters are included
in the Supplementary Data). Before peak deconvolution, the scans were subtracted with
a baseline approximated with 5th order polynomial. All the data were analyzed using
Origin software.

3. Results

Figure 1 shows the heating and cooling scans for all used MC concentrations after
baseline subtraction and normalization to MC mass. Several thermal effects might be
observed: all endothermic during heating and all exothermic during cooling. In the heating
mode, there are, generally, two maxima; however, for the lower MC content (below 9 wt%)
there is discernible a low temperature (LT) shoulder, which evidences its maximum only
at MC 1 wt% (Figure 2). Although this shoulder was registered by Nishinary et al. [32], it
was not analyzed. The MC 1 wt% curve after peak deconvolution showing evident three
maxima is presented in Figure 2a and an example of a heating scan with the LT shoulder is
provided for the MC 3 wt% in Figure 2b. In Figure la it may be observed that increasing
the MC content leads to shifting of the peaks toward lower temperatures and to a decrease
of the LT shoulder. It was found that above 9 wt% of MC, high quality of fitting was
approached using only two peaks corresponding to the medium-temperature (MT) and
the high-temperature (HT) transitions without taking into account the LT peak (Figure 2c).
In our previous studies [26], for the low MC concentration range, instead of the LT, we
reported a low temperature exothermic effect followed by two endothermic effects, i.e.,
MT and HT. This conclusion resulted from much lower the high temperature limit (80 °C),
which affected the baseline subtraction. Thus, current results provide also an update of
these previously published in [26].

b)
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Figure 1. DSC scans registered during: (a) heating and (b) cooling for solutions of MC at mass content
as indicated, normalized to MC mass. Curves shifted in Y-axis for clearness.

Moreover, in the MC content range (2-2.5 wt%), a peculiarity was found, which is
seen as a deviation in the thermal effects from the general trend. In order to confirm this
behavior, several samples were investigated using new solutions prepared with additional
MC concentrations between 2 and 2.5 wt%. In Figure 1a,b, there are these additional three
curves with lower intensities, indicated as 2.05, 2.15, and 2.25 wt%, confirming a shift in
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Figure 2. Deconvolution of the peaks seen on the scans registered for MC content: (a) 1 wt%,
(b) 3 wt%, (c) 9 wt% during heating, and (d) 1 wt% during cooling.

In the case of the cooling mode, in the whole MC content range, the exothermic effects
always showed two maxima, and the use of two peaks in the peak deconvolution approach
was found sufficient. An example of the peak deconvolution of the MC 1 wt% cooling curve
is presented in Figure 2d. Regarding the difference in the number of the peaks observed
during heating and cooling, the question, if one of the peaks is hidden or excluded from
the cooling measurement, may be explained by comparing the total heat measured during
both modes. In Figure 3, the total heats are presented as normalized to the sample mass
(Figure 3a) and to the MC content mass (Figure 3b). It may be seen that both heats are
very similar in value and trend; however, the heat upon cooling is higher by 14 wt% than
the heat upon heating. It is generally encountered that the latent heat of transition (AH,
enthalpy change) increases with temperature. Thus, when upon heating, the transition
takes place at a higher temperature than upon cooling, the heat upon heating would be
expected higher. The reason behind the higher cooling heat value is not clear at the moment;
however, from similar values and trends it may be rather expected that the heat of the LT
peak, as observed during heating, is present but hidden in the thermal effects observed
during cooling.

Moreover, in Figure 3a it is seen that the AH normalized to the sample mass, depends
on MC content quite linearly. For cooling mode, there is a higher slope (0.16 J/ gnic) than for
heating mode (0.12 J/gnmc); however, both dependencies do not extrapolate to zero at zero
MC content but lead to similar ordinates, c.a. 0.213 J/g. It suggests that some of the heat
may come from another source than MC, most probably from water. Another indication
of this observation comes from Figure 3b presenting the transition heat normalized to the
MC mass. It may be seen that in the lower MC content range, the values are very high
reaching 45 and 50 J/gnc and the heats decrease strongly before reaching plateaus at c.a.
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15 and 18 J/gmc for heating and cooling, respectively, which start from c.a. 7 wt% of MC.
This constant transition heat indicates its dependence on MC only.

a) b)

s 60 -
35 Model Line
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Figure 3. Total transition heat determined during heating and cooling: (a) normalized to the sample
mass, (b) normalized to the MC content mass.

Further detailed analysis of the thermal effects relies on results obtained using the peak
deconvolution approach. The results are presented as a function of MC content providing
the peak parameters such as the temperature peak position (Tp), the AH, and the peak full
width at half maximum (FWHM) in Figure 4 for heating and Figure 5 for cooling. With
the increase of MC content, all the peaks’ positions, generally, shift to a lower temperature
(Figures 4a and 5a); however, the LT peak position in heating mode (Figure 4a) is the least
affected. In Figure 4b, presenting the peaks’ heat normalized to the sample mass, the heat
of the MT and HT peaks generally increases dynamically with the MC content, while the LT
peak heat shows a slow decrease. These observations indicate that the MT and HT peaks
relate to the transitions involving MC molecules, while the LT peak relates to a transition
involving water molecules only. This conclusion is supported by the domination of the LT
peak over the MT and HT peaks in the lower MC concentration range. The LT peak heat
being c.a. 0.22 J/g is similar to the value obtained with a linear approximation of the total
heat in Figure 3a, decreases slowly to c.a. 0.15 ] /g in the MC content range 6-8 wt% and
above 8 wt% the peak is not detectable.

Another parameter analyzed is the peak’s width, FWHM, describing the temperature
range of the transition, which might be related to the transition rate. Thus, a higher
transition rate could be expected for a narrow peak. It is shown in Figure 4c that the
strongest changes with MC content are seen for the MT peak showing a four-fold increase.
The widths of the LT and HT peaks were found the highest and lowest, respectively, and
weakly dependent on MC content, except for a decrease at the lowest MC content in the case
of the LT peak and a small increase at the highest MC content in the case of the HT peak.

Clear evidence that the LT peak’s heat is probably related to water molecules only, and
the heats of the MT and HT peaks are related to MC molecules, comes from the comparison
of the heats using two different normalizations—to water and MC content (Figure 4d). It is
seen that the LT peak’s heat increases with the increase of water content (decrease of MC
content) approaching the extrapolated value at zero MC content, which is practically the
same irrespective of the type of normalization (Figures 3a and 4b,d).
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heat normalized to H,O (LT peak) and MC content (MT and HT peaks). Green points in (b) are LT
peak area values excluded from the trend analysis due to high deviation.
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In the case of MT and HT heats in ]/ gmc (Figure 4d), there is a relatively large deviation
in the lower MC content range, up to 7 wt%, making the analysis more difficult. In this
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MC content range, the heat dependencies for both MT and HT peaks can be treated as
more or less independent on MC content with c.a. 10 J/gmc and 2.6 J/gwvc for the MT and
HT peak, respectively. In the higher MC content range, above 7 wt%, both peaks show
opposite behavior characterized by local extrema at 11 wt%. The heat of the MT peak
reaches 13.4 ]/ gmc at the maximum, and the heat of the HT peak decreases to 1.9 J/gyic at
the minimum.

In the cooling mode (Figure 5a), the temperature positions of the two peaks, MT and
HT, follow similarly decreasing trends as in the heating mode (Figure 4a). The heats of
both peaks normalized to sample mass increase with MC concentration, except for the last
point (Figure 5b). Moreover, both heats extrapolated to zero MC content result in the same
heat, c.a. 0.1 ]/g (Figure 5b). In the case of the heats normalized to MC content (Figure 5d),
in the lowest MC content range, both dependencies decrease steeply with MC content.
These behaviors indicate that the LT peak as observed upon heating is included in the
heat registered upon cooling. Furthermore, upon cooling there is an opposite and much
different relation of the two heats than observed upon heating for the heats of the MT and
HT peaks. First, upon cooling the HT peak, heat dominates over LT by 5 wt% (Figure 5b),
while upon heating the MT peak, heat is four to seven times higher than the HT peak heat
(Figure 4b). This indicates that comparing the two modes, the transitions rather proceed
using different routes and mechanisms. Thus, the LT peak hidden under the cooling peaks
treated as the MT and HT peaks makes the analysis not clear.

Regarding the peak width, FWHM, in cooling mode (Figure 5c), its dependence on
MC content is more complex than that observed for heating mode (Figure 4c). The MT
peak dependence increases strongly with the MC content, while the HT peak dependence
is much flatter.

The peculiarity in the MC content range (between 2 and 2.5 wt%), was found related
to changes in the MT peak. It clearly manifests as an increase in temperature position, Tp,
an increase in the peak’s width, FWHM, and a decrease in the transition heat, AH, observed
in both the heating and cooling modes (indicated by vertical sticks in Figures 4 and 5).
The peculiarity is most probably related to the slowing down of the MT transition rate.
A deeper explanation of this phenomenon needs further investigation.

4. Discussion

A molecular interpretation of the phenomena during gelling of MC solutions based
on the DSC results is given below. First, the endotherms visible on DSC scans might be
an effect of polydispersity of MC molecular weight, heterogeneity of the MC substitution
degree (SD) or inhomogeneous position of the -OCHj3, and multistep mechanism of MC
crosslinking [32]. According to many literature reports, e.g., [18,20,25,33-38] we will discuss
the last reason for the appearance of multiple effects of MC gelation.

The lack of exothermic effects during heating does not support the mechanism of
the primary nucleation and subsequent crystals growth as proposed by Coughlin or
Schmidt [18,20]. Since crystals formation is accompanied by exothermic effects, that are not
revealed in our current studies, we dismiss this theory.

On the contrary, in line with our DSC results is the interpretation of the MC crosslink-
ing mechanism based on the water cages’” destruction and association of the fibril hy-
drophobic domains. Our interpretation is that the first transition manifested by the LT
endotherm at c.a. 50 °C, is an effect of water—water interactions close to polymer chains,
while the second-MT endotherm at c.a. 55-70 °C, and the third-HT one at c.a. 65-72 °C,
correspond to the polymer—water and polymer—polymer interactions, respectively. The
LT endotherm can be explained by the so-called thermal breaking of the hydration shell
described widely in the literature [33-36]. Briefly, two different states of hydration water
can coexist simultaneously at lower temperatures, i.e., shells of water formed around
amphiphilic polymers. It is recalled that the amphiphilic character of MC results from the
presence of both the hydrophilic -OH and the hydrophobic -OCHj groups in its molecular
chain. One state of water is characteristic for low-concentrated solutions, where large water
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aggregates surrounding polymer molecules appear using hydrogen bonds. According to
Brovchenko et al. [33], in this state, called the spanning water network, hydrated structures
are more ordered than that of bulk water. It was explained by molecular dynamics simula-
tions [37] that the water dipole moment becomes oriented with polymer structure due to
its much slower relaxation process. The second state of hydration water is characteristic for
higher concentrated solutions, where small water clusters surround polar and nonpolar
polymer groups. The transition from one state to the other takes place during heating and
has been described as the thermal breaking of the hydration shell [36]. In detail, the process
takes place, when the dominating spanning water network breaks down to form more
disordered small clusters, which is a result of decreasing number of hydrogen bonds broken
by temperature increase. This phenomenon is observed at c.a. 50 °C, which corresponds
to the first endotherm observed in Figure 2a. From the literature, we know the H-bond
rupture processes only, in which energy according to molecular simulation ranges from
0.2 to 4.2 kcal/mol [36]. According to our results, thermal breaking of the hydration shell
might cease from c.a. 9 wt% (Figure 2c), meaning only small water clusters exist in the
solution. The MT endotherm is interpreted as coming from polymer—water interactions
and is an effect of dehydration of water from water cages that surround -OCHj3 groups and
destruction of hydrogen bonds between water molecules and -OH groups in MC [38]. The
confirmation of the described above theory found an additional confirmation in studies con-
ducted by Yang et al. [25], where it was shown that the number of hydrogen bonds between
MC chains and water molecules significantly decreases with increasing temperature.

After these processes, which correspond to the first stage of MC crosslinking, the
MC chains start to reorganize forming intra- and intermolecular MC-MC hydrogen bonds
and MC-MC hydrophobic interactions. Yang et al.’s analysis [25] of hydrophobic and
hydrophilic solvent-accessible surface area (SASA) showed that at higher temperatures the
contribution of hydrophobic interactions prevails over hydrogen bonding in the solution,
resulting in MC chains aggregation. Bodvik et al. [39] explain that MC chains are arranged
in fibril structures, to minimize the energy of the hydrogel system by a maximum decrease
of the contact between -OCHj groups with water molecules. This process is observed as
the HT endothermic peak.

Reproducibility of the thermal effects during several repetitive heating and cooling
cycles proves reversible character of MC crosslinking process (Figure 2d). The HT exotherm
observed during cooling may correspond to massive dissociation of fibril hydrophobic
aggregates with simultaneous rearranging of water molecules into more ordered structures.
As a result, the fibril network is gradually weakened [29]. Since the two processes occur
together, more heat is exchanged resulting in the dominance of HT exotherm over MT [40]
(Figure 5b,d). According to Li et al. [29], the LT exotherm occurs at the critical temperature,
at which the hydrogel network has been completely interrupted. The LT exotherm is related
to the formation of water molecules around nonpolar regions of MC polymeric chains
also known as water cages and continues the formation of water-MC and water—water
hydrogen bonds. These processes might occur simultaneously, since they are visible as one
exothermic peak.

According to the current report of Bonetti et al. [11], but also the previous ones [41-43],
an increase in MC concentration in the solution leads to a decrease in LCST. The higher
MC concentration leads to an increase in the density of the polymer network in the solu-
tion leading to enhanced polymer—polymer interactions at lower temperatures [11,43,44].
It is the result of the decreased contribution of interaction between water-water over
water—polymer and polymer—polymer interactions with the increased MC concentration
(Figure 4a). The fact that for low MC concentrations, the LT and MT consume more heat
than HT during heating (Figure 4b) may be explained by a large amount of energy needed
to destroy strong hydrogen bonds between water molecules. This process is observed as LT.
A lot of energy is also used to break the water cages surrounding -OCHj groups, resulting
in a prevailing endothermic effect (MT). Li et al. [29] reported during heating most of the
heat is used to destroy hydrogen bonds between water molecules and water cages. The
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remaining heat is used for hydrophobic aggregation which is registered as HT. Li et al.
showed that the heat needed for the formation of hydrophobic aggregates (observed as HT
effect) is always lower than that needed for water cages breakdown (observed as LT effect),
which is also observed in Figure 4b.

While heats are normalized to H,O and MC mass, similarly to the normalization to
the sample’s mass, the LT effect decreases to 0 with MC contribution. The polymer phase
contribution prevails over the solvent and there are diminished amounts of hydrogen
bonds between water molecules.

The decrease of MT and HT exotherm heats during cooling with increasing MC
concentration (Figure 5d) might be explained as follows. During cooling, the hydrophobic
fibril network is decomposed and simultaneously water molecules start to form ordered
structures. These two processes are visible as one HT exotherm. More heat is released
during water molecules organization (formation of strong hydrogen bonds between water
molecules) than by dissociation of weak hydrophobic interactions. While the increase of
MC concentration leads to formation of fewer hydrogen bonds between water molecules,
resulting in a significant decrease of released heat. The MT exotherm corresponds to water
cages formation and further hydrogen bonds formation. The decrease of MT transition heat
with MC increasing concentration has a similar reason as in the case of HT where fewer
hydrogen bonds are formed at lower amounts of water molecules.

5. Conclusions

In our research, we justified the gelation mechanism of MC through systematic in-
vestigations of a wide range of MC concentrations using DSC measurements. The results
prove the MC gelation is a multistep reversible process dictated by the LCST character. The
gelation occurring during heating is manifested by three or two endotherms, depending on
more or less diluted MC solutions, respectively. An additional first endothermic effect ob-
served for lower concentrated MC solutions has not been described so far. It was evidenced
by our results that this low-temperature effect corresponds to the interactions between wa-
ter molecules, i.e., destruction of the spanning water network formed by hydrogen bonding
into small water clusters. The other further two effects are related to polymer—water, which
is destruction of “water cages” around -OCHj3 groups, and polymer—polymer interactions
that is the formation of fibril-like hydrophobic domains.

We believe that our results allow a comprehensive understanding of the MC gelation
mechanism and will be useful for further studies related to MC characteristics and designing
MC-based hydrogel systems for a wide range of potential applications such as tissue
engineering, drug-, cell-, growth factors delivery, and diagnostics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14091810/s1. Supplementary data present the depen-
dencies of the pa-rameters of the asymmetric double sigmoid (ADS) functions, which were used
for deconvolution of the peaks seen as the thermal effects during heating and cooling. Figure S1:
The ADS functions parameters of the peaks determined for the heating mode. Figure S2: The ADS
functions parameters of the peaks determined for the cooling mode.
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In situ crosslinked materials are the main interests of both scientific and industrial research. Methylcellulose
(MC) agueous solution is one of the representatives that belongs to this family of thermosensitive materials.
At room temperature, MC is a liquid whereupon during temperature increase up to 37 °C, it crosslinks
physically and turns into a hydrogel. This feature makes it unique, especially for tissue engineering
applications. However, the crosslinking rate of MC alone is relatively slow considering tissue engineering
expectations. According to these expectations, the crosslinking should take place slowly enough to allow
for complete injection and fill the injury avoiding clogging in the needle, and simultanously, it should be
sufficiently fast to prevent it from relocation from the lesion. One of the methods to overcome this
problem is MC blending with another substance that increases the crosslinking rate of MC. In these
studies, we used agarose (AGR). These studies aim to investigate the effect of different AGR amounts on
MC crosslinking kinetics, and thermal, viscoelastic, and biological properties. Differential Scanning
Calorimetry (DSC) and dynamic mechanical analysis (DMA) measurements proved that AGR addition
accelerates the beginning of MC crosslinking. This phenomenon resulted from AGR's greater affinity to
water, which is crucial in this particular crosslinking part. In vitro tests, carried out using the L929

fibroblast line and mesenchymal stem cells (MSCs), confirmed that most of the hydrogel samples were
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Accepted 15th September 2022 non-cytotoxic in contact with extracts and directly with cells. Not only does this type of thermosensitive
hydrogel system provide excellent mechanical and biological cues but also its stimuli-responsive

DOI: 10.1038/d2ra04841h character provides more novel functionalities for designing innovative scaffold/cell delivery systems for
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rsc.li/rsc-advances tissue engineering applications.

1 Introduction

Stimuli-responsive materials have gained attention in many
fields of science." Under appropriate external stimulation,
these smart materials might present changes in wettability,
swelling behavior, electrical conductivity or show reversible
sol-gel transition.>* Such features have been used in smart
hydrogel development, and at the same time, have met the
criteria of tissue engineering requirements. Hydrogels are
a group of polymers that absorb a large amount of water
under particular stimulation in an aqueous environment.
They are very attractive from a tissue engineering perspective
due to the 3-dimensionality of the hydrogel network and
physical resemblance to living tissues. The application of
ultraviolet (UV) radiation, pH, and temperature change are
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the most common examples of factors inducing crosslinking
of stimuli-responsive hydrogels. For instance, UV light might
stimulate in situ crosslinking of gelatin methacryloyl (GelMA),
which serves as a scaffold in many tissue engineering fields.
Although UV light can repidly and easily crosslink hydrogels,
there is a risk of generating free radicals, resulting in cell
mutations and the occurrence of damage in cell DNA.®
Another example of stimuli-responsive hydrogels with an
application as a scaffold in tissue engineering is sodium
alginate, which can be stimulated by pH. Despite its natural
origin, good biocompatibility, ease of chemical modification,
and attractive release profile of tissue growth factors, it has
also shown poor mechanical properties resulting in insta-
bility in the physiological environment.”® Interesting stimuli-
responsive materials are natural-based injectable thermo-
sensitive hydrogels, in which crosslinking is stimulated with
the change of temperature. Such materials are solutions in
ambient conditions, but when temperature increases or
decreases, the hydrogel is formed as an effect of physical
interactions.” Temperature-responsive systems which cross-
link during heating are of particular interest because they

© 2022 The Author(s). Published by the Royal Society of Chemistry
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might be injected through a syringe to the targeted tissue,
where it undergoes in situ crosslinking.'®* The following
natural-based hydrogels have been used in tissue engi-
neering: Xyloglucan, Chitosan as well as Hyaluronic acid (HA)
derivatives. Xyloglucan mixed with poly-b-lysine was used as
a scaffold for Central Nervous System (CNS) regeneration and
showed good axon response in direct contact.'> However, it
crosslinks at ca. 20 °C, so there is a risk of clogging inside the
needle during injection. Chitosan and HA alone are not
thermosensitive; therefore, they need to be mixed with other
thermosensitive  materials. For instance, chitosan/
glycerophosphate (GP) composite provides thermal sensi-
tivity and a fast crosslinking rate. Nevertheless, in the end,
this system occurred to be cytotoxic.'* Whereas, HA was mixed
with Pluronic, showing appropriate biocompatibility, release
profile, and crosslinking rate as drug delivery systems.'*
Despite the better functionality of such a blend, it was re-
ported that HA might degrade rapidly in physiological
conditions and its mechanical properties might be not suffi-
cient from the perspective of tissue engineering require-
ments.” Additionally, HA's synthesis is very complicated and
expensive, making the material unattractive from an
economic point of view.'®

Obviously, tissue engineering needs a material, which
crosslinks at the physiological temperature, is biocompatible,
non-toxic for cells, stable under physiological conditions, and
displays adequate mechanical properties. High quality and
favorable prices of such an approach would also be beneficial.
In this respect, an interesting material seems to be methyl-
cellulose aqueous solution (MC), which alone demonstrates
thermosensitive behavior. The MC is methylated cellulose, in
which some of the hydroxyl groups (-OH) are replaced with the
methoxy groups (-OCHj3). The presence of methoxy groups
prevents crystallization, making MC water-soluble.”” There
were plenty of proposed MC crosslinking mechanisms such as
micelle formation,' phase separation,* nucleation and crys-
tallization,>*" or hydrophobic fibril-like domains forma-
tion.*»** The last one said that MC undergoes thermal
reversible crosslinking throughout temperature increase,
resulting in hydrophobic interactions formation. The
temperature of crosslinking depends on the degree of substi-
tution with the desired value near 37 °C.** The two-step
crosslinking mechanism of MC involves two distinct stages.
Briefly, the 1st stage assumes destruction of “water cages”
located in the vicinity of nonpolar functional groups. In this
instance, nonpolar groups -OCHj; are considered.*® Generally,
this phenomenon is a specific type of “dehydration” leading to
-OCH; groups exposure as well as their self-organization,
which is terminated with the formation of hydrophobic
interactions. The 2nd stage assumes creation of a hydrophobic
3-dimensional network. Recently a new MC crosslinking
mechanism regarding fibril formation has been discov-
ered.””*® While temperature increases, MC chains spontane-
ously self-aggregate and form hydrophobic fibrils. Detailed
mechanism of hydrophobic fibril formation has been clarified
by Bodvik et al.?” who indicated that such arrangement of MC
chains decreases the energy of the hydrogel system by the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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highest possible level of minimization of the -OCH; and water
interactions.

MC offers many advantages, ie., it is non-toxic for cells,
stable in physiological environments, and cell culture media.
MC's mechanical properties might be easily tailored, by
adjusting its concentration, to make it suitable for various
native tissues.”® Contrary to HA, MC is also attractive from an
economic point of view. All these features make MC an attrac-
tive candidate for tissue engineering applications.’ On the other
hand, a pure MC solution has some limitations: the first one is
a crosslinking rate which is not fast enough for tissue engi-
neering and drug delivery system requirements. The second one
is its non-cell-adhesive nature.*®

To overcome those limitations, MC might be blended with
other materials that can act as an MC “crosslinking initiator.” In
this instance, the “crosslinking initiation” relies on faster
dehydration of water surrounding -OCH; groups. To overcome
the issue of MC's poor cell adhesivity, MC might be blended
with bioactive proteins (e.g., laminin) or with polymers
increasing cell adhesion, e.g., agarose (AGR).>**°

The authors' idea is to fabricate such a composite consisting
of MC and AGR aqueous solutions. AGR is a purified linear
galactan hydrocolloid derived from marine algae that consist of
repeating agarobiose disaccharide units.** This polymer also
belongs to the thermosensitive hydrogels group, but its cross-
linking occurs during cooling below room temperature by the
aggregation mechanism, similar to gelatin. The melting point
occurs near the physiological temperature; hence it is compli-
cated to use its pure form as an in situ crosslinking scaffold for
tissue engineering. On the other hand, AGR is a great candidate
to obtain thermosensitive blends. According to,** AGR acceler-
ates MC crosslinking by its additional dehydration, leading to
improvement of hydrophobic interactions between the poly-
meric chains that considerably enhances MC's mechanical
properties. An additional part of the MC crosslinking mecha-
nism in the MC/AGR system might concern interactions
between AGR and MC three-dimensional network.’* Since the
blending of MC and AGR solutions has been reported in only
a few publications,® the cross-linking mechanism of the MC/
AGR system is not yet fully known.

Consequently, our studies aimed to investigate and clarify
the effect of AGR addition on MC crosslinking's mechanism and
kinetics, the mechanical properties of the final hydrogel, and
the biological properties at in vitro conditions.

2 Experimental

2.1 Preparation of MC aqueous solution

Methylcellulose (MC, METHOCEL A15LV, Sigma Aldrich) and
agarose (SeaPrepR, Lonza) solutions were prepared at various
weight concentrations and proportions. At first 1, 2.5, 3, and
5 wt% (w/w) of MC water solutions were prepared and stirred
overnight. The final solutions were stored at 4 °C overnight to
ensure proper hydration of the polymer.*> AGR powder was
dispersed in hot water at 80 °C according to,* after which the
solution was added to the MC solution in the appropriate ratio.
The 1, 2.5, and 5 wt% of MC solutions were mixed with AGR
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solutions at the wt. ratio of 1:0.3; 1: 0.7 and 1 : 1. The 3 wt%
MC was mixed with AGR at the wt. the ratio of 1: 1.

For purposes of DSC studies, it was necessary to prepare
more MC/AGR concentrations, where MC and AGR were mixed
in awtratioof 1 : 1, at the following concentrations: 1, 1.25, 1.5,
1.75, 2, 2.05, 2.15, 2.25, 2.5, 3, 4, 5 Wt%.

2.2 DSC

Differential scanning calorimetry measurements were con-
ducted using the Pyris 1 DSC PerkinElmer (USA, Waltham)
calorimeter. The measurements were conducted at the same
conditions as in our previous studies,* i.e., non-isothermally, in
the temperature range of —5-100 °C, and at the constant heat-
ing-cooling rate of 2 K min~'. Each sample was placed into
a dedicated hermetic pan to avoid water evaporation. In order to
improve the heat flow signal to noise ratio, the sample mass was
high (in the range of ca. 60-80 mg), the measurements were
carried out against a reference water sample of a comparable
mass, and the scans were run for 10 cycles and averaged.

The MC thermal effects were normalized to MC mass and
subjected to a deconvolution procedure using Nonlinear Least
Squares Fitting with an Asymmetric Double Sigmoid Function
(ADS) in order to distinguish each peak that comes from
a particular crosslinking stage. For fitting Origin2021b software
was used.

2.3 Rheology

The viscoelastic properties, including storage modulus (G')
and loss modulus (G"), were derived from the MC/AGR water
solutions. For this purpose, DMA, MCR 301 rheometer (Anton
Paar Physica, Germany) was used. Kinetics of crosslinking was
studied based on G’ measurements of solutions at 37 °C under
an oscillatory shear regime. All measurements were carried out
in a limited time range. Prior to measurement, the MC/AGR
solutions were heated in the DMA setup from 20 °C to 37 °C,
at the heating rate of 2 K min~'. A cone-plate geometry with
a diameter of 39.9 mm, an angle of 0.989°, and truncation of 47
pum was used in every measurement. The geometry was
equipped with an extra solvent trap, preventing water evapo-
ration from the solution. A small-amplitude sinusoidal
deformation (0.1% strain and 1 Hz frequency) was applied. For
the sake of statistics, measurements for each MC/AGR
concentration were repeated 3-4 times. The obtained G’
values were approximated using the sinusoidal type of func-
tion, including Logistic and Biphasic Dose-response func-
tions. Subsequently, the fitting functions were extrapolated to
achieve the saturation plateau at a longer time range and then
averaged. Two methods have determined the crosslinking
kinetics: from the time derivative of the averaged G’ and the
crosslinking rate, k. The first method allowed defining the
maximum rate of G’ growth, as the hydrogel's maximum
crosslinking rate. The dG'/d¢ integration allowed to determine
the final storage modulus. The second one assumed cross-
linking rate k determination from the half transition time, at
50% of crosslinking and the beginning of crosslinking, (fonset)-
The tonset, was determined as the tangent intersection to the
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baseline before starting the thermal effect and the tangent to
the rising part of the thermal effect at 37 °C. The transition
rate, k, was determined as the reciprocal of the time of the half
transition with respect to its fpset.

2.4 Biocompatibility analysis

2.4.1 Sample preparation. Before making solutions, MC
bulk and AGR bulk were sterilized with ultraviolet light (UV).
The UV sterilization took place for 30 min, and during that time,
the bulk was slightly shaken every 10 min to assure equal
sterilization. Both MC and AGR solutions were prepared in PBS,
to avoid hyperosmotic stress, at the same concentrations,
described in subsection 2. Additionally, two MC/AGR concen-
trations, ie., 3/3 wt% and 5/1.5 wt% were dissolved in DMEM
for additional comparison. Before cell seeding, hydrogels were
kept for 72 h in the incubator at 37 °C to induce entire cross-
linking of the MC/AGR solution.

2.4.2 Fibroblasts culture. In vitro tests were carried out with
the use of the L929 line of fibroblasts (Sigma Aldrich). Cells were
cultivated in 75 cm? flasks containing a medium prepared of
High Glucose Dulbecco's Modified Eagle's Medium (DMEM),
10% fetal bovine serum (FBS), and 1% antibiotics. Cells were
incubated in a 5% CO, environment at a constant temperature
of 37 °C. Harvesting of the cells took place in 70-80% confluent
flasks. In the first step cells in phosphate buffer saline (PBS).
After that step, 5 ml of 0.05% of trypsin solution was added to
the cells and placed in the incubator for a few minutes. Then
the flask was tapped delicately in order to detach the cells. After
obtaining harvested cells, 10 ml of culture medium was added
and centrifuged. The centrifugation was carried out at ambient
temperature conditions, at 100 x g, for 5 min. To obtain the
required cell density, the pellet was resuspended with a culture
medium and then diluted.

2.5 Fibroblasts evaluation

2.5.1 Presto blue cytotoxicity tests on extracts. In order to
obtain extracts for the cytotoxicity test, 5 samples of each
hydrogels type were placed in a 48-well plate. They were
immersed in 500 pL of culture medium per well, kept at 37 °C,
and gently stirred for 24 h. For reference, along with wells with
samples, 5 wells without hydrogel were filled with the medium
as well. At the same time L929 cell suspension was seeded into
another 48-well plate in the same amount of wells as sample
extracts plus control with density 1 x 10 cells per well and put
in an incubator for 24 h. The wells filled with DMEM only served
as reference. After that time the culture medium from cell-
seeded wells was replaced with material extracts and the plate
was placed in the incubator for another 24 h.

Presto blue assay assumed reduction of resazurin reagents to
a resorufin which was the main cell viability compound. The
result of this reduction was changing colour from blue to
fluorescent red. This assay allowed for quantitative and visual
analysis through absorbance and optical evaluation of fluores-
cent results of resorufin reduction. After 1 and 3 days of culti-
vation, DMEM was removed and each well was filled with 180 uL
of PBS and 20 pL of Presto blue reagent and then the plate was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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returned to the incubator for 60 min. This step was completed,
and 100 pL from each well was transferred to the 96-well plate.
The fluorescence read with excitation/emission 530/620 nm
filters was measured with the use of 530/620 nm excitation/
emission wavelength by Fluoroscan Ace bnt FL Thermo Fisher
Scientific. The results were compared with the Presto Blue
fluorescence of blank samples, which did not show metabolic
activity, and the control (Tissue Culture Plate TCP), which
showed 100% of metabolic activity.

Cellular number was evaluated in studies on extracts. Briefly,
the calibration curve was prepared after 1, 2 and 3 days of cell
cultivation on TCP based on the known number of cells (TC20
automated cell counter Bio-Rad) and relative fluorescence unit
determined (RFU) from Presto Blue for this known number of
cells. On day 1 and 3, the cell number of all analyzed hydrogels
was evaluated in comparison to TCP.

2.5.2 Fibroblasts morphology. For microscopy analysis
cells were seeded on crosslinked hydrogels with the density of 5
x 10" per well in 250 pL of the medium in a 24-well plate. Before
analysis, seeded cells were stained with the CellTrace™ Yellow
Cell Proliferation Kit (Thermo Fisher Scientific). Briefly, 3 ng of
CellTrace dye labelled 10° cells, and the staining was carried out
for 20 min. After 1 and 3 days, samples were observed under
fluorescence microscopy (Leica AM TIRF MC). Additionally, Z-
stack images were made to obtain the 3D view of fibroblasts
distribution and viability on the hydrogel.

2.6 MSCs evaluation

2.6.1 3D culture of hBM-MSCs in MC/AGR hydrogels. Prior
to cell seeding 150 pL (single 48-well is covered (6.59 mm?) and
the height of hydrogel is about 2.36 mm) of each MC/AGR
hydrogel blend was inserted into a 24-well Nunc™ Cell-
Culture Treated Multidish (Cat. No. 142485; Thermo Fisher
Scientific, Waltham, MA, USA) at room temperature (RT), and
incubated for 72 hours in a humidified atmosphere at 37 °C and
5% CO, to polymerize. Human Bone-Marrow Derived Mesen-
chymal Stem/Stromal Cells (hBM-MSCs) were isolated as
previously described.* The isolation protocol was approved by
the ethical review board of the Medical University of Warsaw,
and all samples were processed after informed written consent.
1 x 10* hBM-MSCs in the third passage were seeded per well (V
= 1.9 cm®) with each MC/AGR hydrogel blend, and cultured in
RoosterNourish-MSC-XF medium, composed of
RoosterBasal™-MSC (Cat. No. SU-005) supplemented with
RoosterBooster™-MSC-XF (Cat. No. SU-016) from RoosterBio,
Inc., Frederick, MD, USA, in a humidified atmosphere at 37 °C
and 5% CO,. Cells seeded in empty wells and cultured in
parallel were treated as controls. All experiments were per-
formed in duplicates and repeated at least three times.

2.6.2 Cell viability assessment of hBM-MSCs. LIVE/
DEAD™ Viability/Cytotoxicity Kit for Mammalian Cells (Cat.
No. L3224; Thermo Fisher Scientific, Waltham, MA, USA) was
used to distinguish between live and dead hBM-MSCs, as
previously described.** Briefly, 0.5 pL of calcein AM and 2 pL of
ethidium homodimer-1 were suspended in 1 ml of sterile PBS,
and 200 pL of the solution was added per well, followed by
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a 20 min incubation at 37 °C in the dark. Stained cells were
visualized using a fluorescence microscope Cell Observer SD
(Carl Zeiss, Jena, Germany) in Z-stack mode, performed in the
Laboratory of Advanced Microscopy Techniques, Mossakowski
Medical Research Institute, Polish Academy of Sciences.

2.6.3. Morphological analysis of hBM-MSCs. CellTrace™
Yellow Cell Proliferation Kit (Cat. No. C34573; Thermo Fisher
Scientific, Waltham, MA, USA) was used to assess the
morphology of hBM-MCSs cultured in MC/AGR hydrogel
blends. Briefly, 1 x 10° hBM-MSCs in the third passage were
labelled with CellTrace™ yellow reagent as per Manufacturer's
protocol, and seeded as described in paragraph 2.5.2. Labelled
cells were visualized using Leica AM TIRF MC fluorescent
microscope (Leica Microsystems, Wetzlar, Germany) in Z-stack
mode.

2.7 Statistical analysis

One-way ANOVA method was used to determine statistical
significance between various concentrations of MC/AGR in
DMA tests and biological studies. The Tukey test of all pairs
determined the statistical significance between individual
groups. All statistical analyzes were performed for p < 0.05. The
statistical analysis was performed using GraphPad Prism 9.4.1
Software. A p value of less than 0.05 was considered statistically
significant; p values are expressed as follows: 0.05 > p > 0.01 as™;
0.01 > p > 0.001 as**; p < 0.001 as™**; p < 0.0001 as****,

The DMA results and biological studies are presented as the
mean value £ SD.

3 Results and discussion
3.1 DSC

The heating scans of MC/AGR concentrations normalized to MC
weight after baseline subtraction are presented in Fig. 1. There
might be observed several complex over-imposed endothermic
effects that come from MC gelation. For all samples, a clear
shoulder at low temperatures (LT) and two sharp maxima at
medium and high temperatures (MT and HT) are observed. This
phenomenon was described in detail in our previous studies.*
Briefly, the low-temperature shoulder corresponds to changes
in water-water interactions close to polymer chains, due to the
water network destruction into smaller clusters. The medium-
temperature endotherm (MT) and high-temperature endo-
therm (HT) correspond directly to the MC crosslinking mech-
anism, i.e., breaking of “water cages” and subsequent fibril
hydrophobic domains formation.*

In Fig. 1, it may be clearly seen practically for all investigated
compositions except for the lowest MC 1 wt%, that addition of
agarose increases the heat of thermal effects, especially at low
temperature side. To reveal the effect of AGR addition on the
individual thermal effects, peak deconvolution analysis using
asymmetric double sigmoid function was performed, of which
examples are presented in Fig. 1 and the deconvolution results
are presented in Fig. 2 as the individual peak's temperature
position, TP, and heat, AH.
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Fig. 1 DSC heating scans registered for selected compositions of MC without and with the addition of AGR plus example results of the peak

deconvolution. Normalization to MC weight.

From Fig. 2 it may be seen that AGR addition generally
strongly increases the heat of the LT peak, corresponding to
water-water interactions, while the heats of the MT and HT
peaks change variously without clear dependence on MC
concentration. A clear shift of the MT and HT peaks to lower

temperature is observed, especially, at lower MC concentrations
being evidence of crosslinking acceleration after the addition of
AGR.

The increase of LT endotherm corresponding to the water
molecules interactions, i.e., destruction of the spanning water
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3.2 Rheology

Since G’ and G” curves did not cross, showing the characteristic
crosslinking point at a certain time or temperature, as reported
by Li et al.,*® we estimated a crosslinking rate directly by
analyzing G’ as a time function. All the G’ curves of MC and MC/
AGR showed a sigmoidal character (Fig. 3). As we presumed, the
beginning of crosslinking occurred at a different time among
various concentrations, and it was connected with the hydrogel
concentration and the amount of AGR in the solution. It is
evident from Fig. 3 that irrespective of the MC concentration,
the addition of AGR leads to an earlier start and a faster rate of
crosslinking which is in line with DSC results. However, in any
solution, AGR addition did not accelerate reaching the plateau
of G

The G’ time derivative analysis clearly indicates that there are
at least two local maxima of the crosslinking rate, as it was
visible for pure MC (Fig. 4). After mixing 0.7 wt% of AGR with
1 wt% of MC, the 1st maximum of crosslinking rate was
observed after 70 minutes. Addition of 1 wt% of AGR to 1 wt% of
MG, resulted in a very small maximum after shorter time (c.a. 25
min). At this MC concentration, AGR addition significantly
affects the beginning of crosslinking (¢,nsct)- The same trend of
the first maximum crosslinking rate acceleration is observed at
2.5 wt% MC - mixed with 1.75 wt% of AGR provided the first
very small maximum at 30 min while in the case of 2.5 wt% AGR
the first crosslinking rate maximum took place after a few
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Fig. 5 Crosslinking rate (k) determined from DMA results, vs. the MC/
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minutes. An interesting phenomenon has been observed for
5 wt% of MC, which showed the first maximum of crosslinking
rate at 50 min. While after adding 5 wt% AGR, the first
maximum was after 90 min, but its intensity was at least 10 fold
higher than the first maximum in pure MC. In all cases, the
second and further maxima of crosslinking were larger and
shifted to the higher time range after AGR addition. Usually,
these maxima were stretched in the time range.
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Thermal physical crosslinking of MC/AGR is an interesting
feature while designing smart in situ gelling injectable hydro-
gels. One of the most important advantages of such an
approach is avoiding of chemical modifications and using of
toxic crosslinking agents.?®

DMA results clearly showed that thermal MC crosslinking
initiation is strongly dependent on AGR contribution in the MC/
AGR solution. The higher the contribution of AGR, the faster the
beginning of crosslinking (fonset) (Fig- 4). As we predicted, AGR
plays role of an initiator of MC crosslinking, decreasing t,nset Of
crosslinking from dozens to a few minutes. In contrast, AGR did
not accelerate the formation of the hydrophobic fibril MC
aggregates, resulting in reaching a plateau of G'. This means
AGR aqueous solution only accelerates the first step of MC
crosslinking. The mechanism of MC/AGR crosslinking might be
explained in the following manner. At ambient conditions, MC
polymeric chains interpenetrate AGR chains, preventing AGR
crosslinking. At this temperature, the solution is a sol. The
heating of the solution causes MC water cages' destruction, in
other words, dehydration. Since AGR has a greater affinity to
water, dehydration takes place faster than in pure MC. Martin
et al.*® reported that another reason for faster MC/AGR cross-
linking might be the effect of MC and AGR chain interactions.
The results of such interactions are forming fibrils through
stronger hydrophobic bonds and considerably enhanced
mechanical properties of MC.

On the other hand, the second step of MC crosslinking
seemed to be prolonged after AGR addition. The reason can be
related to the strong interactions between MC and AGR chains
resulting in decreased molecular mobility as an effect of the
partially crosslinked network formation which slows further
hydrophobic interaction formation.*®*” However, we should
consider that during crosslinking, G’' reaches a much higher
value in a shorter time after AGR addition (Fig. 3). It could be
the effect of additional interactions between MC and AGR
polymeric chains.**** The higher the G’ value, the higher the
degree of crosslinking, making the whole hydrogel system more
stable and provides higher mechanical properties.*® Despite the
slow changing of G’ in time, there is a decreased risk of hydrogel
decomposition and displacement from dedicated tissue.

Fig. 5 presents the crosslinking rate, k, as derived from the
DMA results, as a function of the AGR content. The crosslinking
rate increases with the increase of AGR contribution.The final
value of G’ as a function of all the measured sample concen-
trations was determined and shown in Fig. 6. The final G
increased with MC concentration and was always higher after
AGR addition.

From DMA studies it is evident that small concentrations of
these hydrogel systems (1-2.5 wt%) showed, statistically insig-
nificant changes in viscoelastic properties after AGR addition.
The values in this range of concentrations correspond to the
native human spinal cord. The G’ of MC 1/AGR 0.7 is similar to
the G’ of the human spinal cord which is in the range of 5-42
kPa.* This hydrogel composition might be interesting for CNS
tissue engineering considering the perspective of hydrogels'
mechanical properties. Above 5 wt% there are visible statisti-
cally significant differences in viscoelastic properties after AGR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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addition, which contribution in the solution increased the final
G.

The G’ of higher MC/AGR concentrations, i.e., MC 5/AGR 3.5
or MC 5/AGR 5 corresponds to the G’ of human articular
cartilage.*

3.3 Biological tests

Small concentrations ~1 and 2.5 wt% of MC/AGR showed
relatively low strength and viscosity after crosslinking, resulting
in immediate cells collapsing into the bottom of the well in our
preliminary studies. Thus they showed susceptibility to insuf-
ficient gelation.?® Thus, these concentrations were disregarded
in biological tests.

3.3.1 Biocompatibility test. Viability using Presto Blue
assay was evaluated on hydrogel extracts of MC 3/AGR 3, MC 5/
AGR 1.5, MC 5/AGR 3.5, and MC 5/AGR 5 after 1 and 3 days.
Tests were carried out to investigate MC/AGR solutions' rele-
vance in tissue engineering applications.

The viability results (Fig. 7a) showed the non-toxic character
of the MC/AGR hydrogel. There was slightly lower viability for

3D view

Slice view after 1 day Slice view after 3 days

MCS5/AGR3.5 MC5/AGR1.5/DMEM MC5/AGRL.5 MC3/AGR3/DMEM  MC3/AGR3

MC5/AGR5

Fig. 8 Fibroblasts distribution in 3D cultures by an FM after 1 and 3
days. The slice views (the bottom of the well) and 3D views show
various distributions in 3D culture depending on MC/AGR
concentration.
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hydrogel samples in comparison to the control (TCP). Yet all of
these samples accomplished values =70%, which is considered
non-toxic to the living cells according to the standard of ISO
10993-5. Most likely the cells could be covered with thick layer
of diluted hydrogel. Szot et al. reported increased hydrogels
layer thickness could provide hypoxia and limited nutrient
diffusion.*” According to this, the balance between the migra-
tion of cellular waste products and the supply of fresh
supplements/proteins from the medium was not maintained,

DIV 1

control

MC5/AGR1.5

MC5/AGR3.5 B

MC5/AGR3.5

MCS5/AGRS

DIV 3

View Article Online
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resulting in a reduced viability value after 1 day. However,
cellular viability increased after 3 days of cultivation due to
fresh media additives.

Additionally, cell number after 1 and 3 days during in vitro
study on extracts was estimated based on calibration curve for
known number of cells (determined by flow cytometry Bio-Rad)
and relative fluorescence unit (determined from Presto Blue)
(Fig. 7b). The results showed the differences of cell number

DIV 5

MC5/ABR1.5 50 um

Fig.9 Representative pictures, rendered by maximum intensity projection (MIP) in orthogonal projection, of hBM-MSCs seeded and cultured for
5 days on the following hydrogel combinations: MC5/AGR1.5, MC3/AGR3, MC5/AGR3.5, and MC5/AGR5.
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between studied MC/AGR concentrations were statistically
insignificant.

3.3.2 Fibroblasts morphological observation. Fig. 8 repre-
sents fluorescence microscope imaging (FM) of the cells on MC/
AGR hydrogels with various MC and AGR ratios. The images
presented fibroblasts' distribution in the volume of hydrogel in
relation to the control in 2D hydrogel-surface culture and 3D
culture. The 3D view not only allows precise observation of cell
penetration into the volume of hydrogel but also mimics in vivo
cell growth. To evaluate exact cell distribution and investigate
whether cells infiltrated the entire hydrogel volume, 3D views

3D view

Slice view after 1 day
: S

MC5/AGR3.5 MC5/AGR1.5/DMEM MC5/AGR1.5 MC3/AGR3/DMEM MC3/AGR3 TP

MC5/AGR5

Slice view after 3 days

View Article Online
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based on Z-stack images of hydrogels have been prepared
(Fig. 8). The 3 D views were compared with images taken from
the bottom (one slice). All of the tested hydrogels showed good
viability and cells were distributed in hydrogel rather homoge-
neously. However, for other samples, there were visible some
cellular aggregates which had round shapes. It is especially
visible for MC5/AGR1.5/DMEM and MC 5/AGR5. This is most
likely an effect of insufficient oxygen availability in those parts
of hydrogel resulting in cell death or uneven crosslinking rate in
these particular samples.

3D view Slice view after 5 days 3D view

Fig. 10 Cell distribution in 3D cultures by an FM after 1, 3, and 5 days. The slice views and 3-D views show cell distributions in 3D culture

depending on MC/AGR concentration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The best fibroblasts distribution in the hydrogel was
observed for MC3/AGR3/DMEM, MC5/AGR1.5, and MC5/
AGR3.5. These three samples also showed the significant
density and viability of the cells in comparison to the control.

3.3.3 Viability of hBM-MSCs cultured in methylcellulose/
agarose hydrogels. To assess the viability of hBM-MSCs
cultured in methylcellulose/agarose hydrogels cells were
stained with calcein AM and ethidium homodimer-1 (EthD-1).
In living cells, calcein AM is converted into green-fluorescent
calcein, whereas in dead cells EthD-1 binds to DNA and emits
red fluorescence. Stainings and microscopic analyses were
performed at three-time points: one, three, and five days after
seeding cells in MC/AGR hydrogels which polymerized for 72
hours. All compositions of hydrogels were non-toxic for hBM-
MSCs (Fig. 9). The cells encapsulated in hydrogels remained
alive throughout the whole time of culture. The highest number
of dead cells was visible in the MC5/AGR5 combination sug-
gesting its negative influence on cell viability. It might be
related to relatively high viscosity of hydrogel and decreased gas
and/or nutrient exchange. In the case of MC5/AGR1.5 and MC3/
AGR3 combinations, some of the cells migrated to the bottom of
the cells already after the 1st day of culture probably due to
appropriate viscosity of the hydrogel. On the other hand in the
MC5/AGR3.5 and MC5/AGR5 time of migration throughout the
hydrogel was longer — most of the cells migrated after 5 days of
culture. Therefore, depending on the therapeutic approach one
could achieve appropriate conditions for the cell migration by
manipulation of hydrogel composition.

3.3.4 MSCs morphological observations. Morphological
MSCs distribution and their penetration into the hydrogel
volume are illustrated in Fig. 10, where 2D and 3D views ob-
tained via FM are shown. It is visible that cells were suspended
in all volumes of the hydrogel after one day. However, the FM
images of MC5/AGR5 were different from other samples. It
showed a small number of cells formed in aggregates that have
round shapes in comparison to the control.

For other samples, after 3 and 5 days cells adhered and
proliferated on the bottom of the wells, showing adequate
morphology and distribution in comparison to TCP control.
The adequate MSCs distribution in the hydrogel was observed
for most of the samples. The shape of the cell depends on its
origin, environment and time of cultivation.*” According to the
image of viability evaluated by live dead test (Fig. 9), after 5 days
most of the MSC probably migrated to the bottom of the well
which is more stiff than hydrogel. That is the reason why cells
were more spread/elongated and less spherical. This effect was
not observed for L929 which indicates lower cellular volume
and probably does not reach well bottom (Fig. 8).*> Additionally,
interactions between the cell and hydrogel depend on
mechanical properties of the hydrogel. According to literature,
the difference in the stiffness of hydrogels determine cellular
area.”® Authors present that the area of cells seeded on stiffer
hydrogel was statistically significantly higher than on soft
hydrogel.

The cell migration through the volume of the hydrogel might
be beneficial from the perspective of cell delivery systems. It
seems that investigated hydrogels (except for MC5/AGR5) can
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provide a supportive environment, mechanically protecting the
cells during the transplantation procedure. Additionally, the
structure of the hydrogel allows for cell migration within the
scaffold and thus enables the settlement of transplanted cells in
the host tissue. It is especially visible after one day of cell
culturing (Fig. 10) where cells embedded in hydrogel showed
spherical morphology. According to Kim et al®* this
morphology is beneficial for embedding cells in hydrogel matrix
approaching as a potential injectable cell delivery system. Thus,
most of the MC/AGR concentrations could be used as MSCs
delivery systems that provide faster regeneration of injured
tissues.

4 Conclusions

Since MC crosslinking, especially its first step, is mostly
dependent on water cages forming/breaking mechanism, the
addition of agarose is essential here. AGR has greater affinity to
water and effectively uptakes water molecules from MC solu-
tion, resulting in faster MC crosslinking.

Our DSC and DMA results that are mutually consistent,
clearly demonstrate the addition of AGR promotes MC cross-
linking by effective uptaking of water molecules from MC
solution, resulting in an easier hydrophobic interaction
formation.

In the case of DSC this promotion of MC crosslinking is
visible for the low temperature effect as an increase in the LT
peak area and a shift of the MT and HT effects towards lower
temperatures (times).

Isothermal measurements of time dependence of G’ indi-
cated that ¢, Of crosslinking is faster with the increase of AGR
contribution in the solution. The AGR has a significant influ-
ence on MC crosslinking initiation, but at the same time, does
not play a role in further steps of MC crosslinking. Additionally,
the presence of AGR in the system resulted in improved
mechanical properties, .e., the final G’ value of the MC hydrogel
systems which was most prominent for small concentrations.
On the one hand, the final value of G’ small MC/AGR concen-
trations implies that they might be useful as scaffolds for CNS
tissue engineering from the mechanical point of view. But on
the other hand, in vitro tests verified that small MC/AGR
concentrations do not provide adequate support for cells as
scaffolds or cell delivery systems. Therefore they do not meet the
expectations of tissue engineering.

The appropriate AGR contribution in the MC/AGR hydrogel
systems of higher concentration, not only did provide adequate
crosslinking rate and enhanced mechanical properties, but also
influenced good cellular response in vitro and showed non-toxic
character. However, the desired mechanical properties from the
perspective of certain native tissues do not guarantee expected
in vitro results. For instance, Bonetti et al.,** crosslinked
chemically MC to increase its stiffness and cellular response but
in vitro tests did not show significant differences in adhesion
and proliferation of L929 fibroblasts seeded on chemically
crosslinked and non-crosslinked MC. In our studies, MC5/AGR5
is supposed to be a perfect biomaterial, especially for cellular
support from the mechanical perspective. However, the sample

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was too viscous, which resulted in disturbing the balance
between oxygen/nutrients delivery and draining of cellular
metabolites.

On the other hand, the two hydrogel systems of MC3/AGR3
and MC5/AGR3.5 have decent mechanical and biological
properties showing the best potential as a smart injectable
scaffold/cell delivery system for tissue engineering. Therefore,
the comprehensive understanding of MC/AGR properties, i.e.,
MC gelation and its kinetic after AGR addition, mechanical and
biological properties, is essential to materials’ proper design for
future in vivo studies.
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Methylcellulose/agarose hydrogel loaded with
short electrospun PLLA/laminin fibers as an
injectable scaffold for tissue engineering/3D cell
culture model for tumour therapiest

Beata Niemczyk-Soczynska, &2 Dorota Kolbuk, @2 Grzegorz Mikulowski,?
Iwona A. Ciechomska® and Pawel Sajkiewicz@*a

This research aimed at designing and fabricating a smart thermosensitive injectable methylcellulose/
agarose hydrogel system loaded with short electrospun bioactive PLLA/laminin fibers as a scaffold for
tissue engineering applications or 3D cell culture models. Considering ECM-mimicking morphology and
chemical composition, such a scaffold is capable of ensuring a hospitable environment for cell adhesion,
proliferation, and differentiation. Its viscoelastic properties are beneficial from the practical perspective of
minimally invasive materials that are introduced to the body via injection. Viscosity studies showed the
shear-thinning character of MC/AGR hydrogels enabling the potential injection ability of highly viscous
materials. Injectability tests showed that by tuning the injection rate, even a high amount of short fibers
loaded inside of hydrogel could be efficiently injected into the tissue. Biological studies showed the non-
toxic character of composite material with excellent viability, attachment, spreading, and proliferation of
fibroblasts and glioma cells. These findings indicate that MC/AGR hydrogel loaded with short PLLA/
laminin fibers is a promising biomaterial for both tissue engineering applications and 3D tumor culture

rsc.li/rsc-advances models.

1. Introduction

Diseases and accidents leading to the injury of the central
nervous system (CNS), ie., the brain and spinal cord, are
extremely challenging from the perspective of medicine and
tissue engineering. The reason for that is progressive, irrevers-
ible neuron degeneration, and lack of particular targeted
therapy."” Injuries and diseases of the CNS have always been
a serious global socioeconomic problem. According to global
statistics, spinal cord injury (SCI) affects over 500 000 people
every year according to Global incidence data,® while traumatic
brain injury is experienced by 27 000 000 people every year.* In
2016, there were 330 000 CNS cancer cases, particularly brain
tumors.® Since currently brain tumors lead to 190 000 deaths
per year,® there is huge demand to find therapies that allow
a better understanding of tumour cell behavior and, subse-
quently, implementation of targeted therapy.

Current clinical TBI strategies focus on therapeutic agents
(such as drugs, cells or growth factors) delivery, scaffold

“Institute of Fundamental Technological Research, Polish Academy of Sciences,
Pawinskiego 5b St., 02-106 Warsaw, Poland. E-mail: psajk@ippt.pan.pl

’Nencki Institute of Experimental Biology PAS, 3 Pasteur Street, 02-093 Warsaw,
Poland

T Electronic  supplementary information (ESI) available. See DOIL

https://doi.org/10.1039/d3ra00851g

© 2023 The Author(s). Published by the Royal Society of Chemistry

implantation, or combining both of those approaches.”
Although therapeutic agent delivery alone seems to be the
perfect strategy, only their low concentrations actually reach the
injured area of the CNS. In addition, growth factors might
rapidly degrade after being introduced into the body, while cell
transplantation shows the possibility of cell migration to the
other CNS areas resulting in abnormal growth of the tissue or
performing poor viability due to an unfavorable environment
for cell growth.”® Increasing doses of therapeutic agents to
trigger the desired therapeutic effect could lead to systemic
toxicity.” To overcome this problem, invasive therapeutics
delivery is widely used. Such a method allows the delivery of
high doses of therapeutics into injured areas and avoids expo-
sure of the surrounding tissues to the applied drug. However,
such treatment also disrupts the blood-brain barrier (BBB) and
is conducted via complex surgeries.'® This is especially common
for brain tumor therapies, where chemotherapeutics are deliv-
ered directly to the tumor and at the same time, do not enter the
systemic circulation. However, complex brain or spinal cord
surgeries carry a huge danger of after-surgery complications
such as subsequent neuronal damage or inflammations.”
Most of the current clinical approaches focus on drug/cell
delivery only, but not on providing ECM-mimicking nontoxic
microenvironment restoring neurons' main functions. Conse-
quently, the currently available clinical therapies, including

RSC Adv, 2023, 13, 11889-11902 | 11889
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surgeries and less invasive treatments, focus mostly on post-
trauma relief but do not provide real prolonged therapeutic
effects or effective regeneration of injured CNS.? These limita-
tions could be overcome by implementing the scaffold in the
injured areas that mimic the natural ECM of CNS providing
excellent conditions for cell regeneration.™* Additionally, CNS
mimicking microenvironment could be useful as a 3D cell
culture model to investigate and understand brain tumors, i.e.,
cellular morphology, phenotype, gene expression pattern,
mechanism of spreading, tumor-immune cell interactions, and
drug resistance."”

A new approach of natural minimally invasive and “smart”
biomaterials such as injectable hydrogels loaded with nano-
particles or nanofibers (e.g., ref. 13 and 14) are in the area of
recent interest in tissue engineering. In this field, injectable in
situ crosslinked hydrogels offer many advantages such as good
biocompatibility and processability. The injectability of such
materials determines their non-invasive and fast introduction
into the lesion, which allows for avoiding long and complex
surgeries.” Hydrogels form 3D structures that characterize
large amounts of water in a polymeric network mimicking the
brain extracellular matrix (ECM), which stimulates stem cell
adhesion, proliferation, and differentiation for neural tissue
engineering. Such mimicry makes hydrogels an important
supporting factor that provides better cell integrity with the
material.'*"” In some stimuli-responsive types of hydrogel,
external stimulation, like pH, or temperature change provoke
its crosslinking. Nevertheless, hydrogels usually perform poor
mechanical properties and lack fibrous structure providing
adequate support for cell activity.'*'® For instance, Thonhoff
et al.*® tested commercially available hydrogels of Matrigel and
PuraMatrix with fetal human neural stem cells (hNSCs)
regarding cytotoxicity and stem cell support ability and differ-
entiation. The studies showed that tested hydrogels supported
cells insufficiently resulting in reduced survival of hNSCs and
poor migration capabilities within the injured cavity.

According to Ucar et al.” combination of appropriate natural
and synthetic biomaterials might overcome all of these prob-
lems by providing a hospitable environment that mimics native
ECM, for tissue regeneration. Such an environment should
provide biocompatibility, adequate support for cells, and,
consequently adequate mechanical properties, i.e., 1-10 kPa for
the brain,” and 0.52-1.88 MPa for the spinal cord.”” Besides
those properties, a perfect material should mimic ECM bio-
chemically, to provide good cell-material (i.e., celllECM
proteins/proteoglycans interactions) and cell-cell interactions.
This has been shown to play a crucial role in cell fate.>*** In this
respect, the incorporation of native ECM components such as
peptide sequences that interact with cell membrane integrins
Ile-Lys-Val-Ala-Val (IKVAV) or growth factors (neurotrophic
growth factors (NGFs)).252¢

Most of the current research dedicated to neural tissue
engineering focuses on hydrogels loaded with nanoparticles,
which are considered safe and effective in delivering cells or
drugs into the injured area.”” One example is thermoreversible
gelation polymer (TGP) loaded with poly(lactic-co-glycolic acid)
(PLGA) microspheres for rats' glioma treatment.”® However,
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similarly to drug delivery systems, too few nanoparticles can be
absorbed by macrophages immediately after injection into the
body;*” thus, most of these approaches seem not applicable as
a supportive structure for neural cells.

Currently, cellulose-based materials and hydrogels strength-
ened with short nanofibers are becoming increasingly popular in
tissue engineering, and medicine but also 3D cell culture models,
i.e, a well-defined platform that maintains cell viability and
replicates native cellular environments similar to those found in
tissues. This technology provides mechanical, biochemical,
morphological, and physiological guidance on the properties of
tumor cells in a 3D environment. One of the examples of using
cellulose-based materials is hydrogel consisting of collagen/
nanocellulose nanofibers as a 3D model for developing
a therapy against pancreatic ductal adenocarcinoma (PDAC).>

In this work, we propose a thermosensitive injectable hydrogel
system loaded with short electrospun biologically active fibers
that have been studied as a potential scaffold for the central
nervous system (CNS) tissue engineering or 3D glioblastoma
culture model. The base component of the proposed hydrogel
systems is the cellulose derivative of methylcellulose (MC)
approved by the Food and Drug Administration (FDA). The MC
alone undergoes thermal reversible crosslinking as an effect of the
temperature increase near 37 °C. The crosslinking mechanism of
MC is a result of a unique type of dehydration based on “water
cages” destruction, and subsequent 3D fibril network formation,
which was thoroughly discussed in our previous studies.’**
Another hydrogel component is agarose (AGR), which strengthens
the hydrogel mechanically and fulfils an important function of the
MC crosslinking rate accelerator by faster dehydration of water
cages of MC.* The MC/AGR hydrogel properties were additionally
enriched by introducing the short electrospun fibers. Short elec-
trospun fibers are especially valuable while designing hydrogel
composite systems. Similarly to the fibrous mats such fibers
strengthen and improve hydrogel mechanically, and after proper
biological functionalization also biochemically. Contrary to
fibrous mat, short fibers could be easily dispersed in the liquid
media, e.g. hydrogel solution. Additionally, short fibers provide
ECM mimicry and injection ability of whole composite material,
which in the case of tissue engineering allows avoiding long-term
complex surgeries. The such minimally invasive solution
increases potential patients’ comfort and faster convalescence.®?>*

Electrospun-oriented PLLA fibers are widely used as scaffolds
for neural tissue regeneration, mainly due to their biocompati-
bility, controlled degradation, and mechanical properties similar
to neural tissue. The fibrous structure effectively supports the
regeneration of neurons in both in vitro and in vivo conditions.**?®
PLLA was also selected due to its appropriate stiffness and brit-
tleness necessary for further fragmentation using ultrasonication.
Nevertheless, most synthetic electrospun fibers are biochemically
inert and hydrophobic, which also concerns PLLA fibers. Conse-
quently, electrospun PLLA fibers needed adequate modifications.
The first one, described in detail in our previous studies,® is
fragmentation using ultrasonication which is to ensure the
appropriate size of fibers to maintain the possibility of hydrogel
injection. The second one, described in this article, was PLLA fiber
modification by protein immobilization using the physical
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adsorption method; such an approach overcame fibers' biological
inertia. Considering CNS tissue engineering requirements and our
goal to provide an appropriate microenvironment by our hydrogel
system, laminin was the protein that was chosen. Laminin is one
of the key ECM components that provides an effective site of
IKVAV for neuronal cell adhesion and increased hydrophilicity of
the short PLLA fibers. This protein is essential, especially for nerve
regeneration - it effectively binds Schwann cells, and regeneration
of axons takes place only in the laminin presence.***

Although MC/AGR/PLLA/fibronectin hydrogel system for
brain therapy was studied previously by Rivet et al.,'® we present
new chemical composition of MC/AGR/PLLA/laminin that was
not previously described in the literature. Additionally different
materials characteristic was conducted in our studies than this
described in ref. 18, which could provide new insight in
designing similar approaches.

The objective of these studies was to design and fabricate
a thermosensitive injectable hydrogel system that provides
a hospitable environment for cell regeneration. Such an
approach might serve as scaffold cell regeneration as well as
a 3D cell culture model that mimics the spatial organization of
neural tumors to develop new anti-cancer therapies. In this
respect, MC/AGR hydrogel loaded with short electrospun PLLA/
laminin fibers was designed and investigated in terms of
viscosity, injectability, morphology, and the biological proper-
ties studied in direct contact with L929 fibroblasts as well as
LN18 and WG4 glioma cells. Such characteristics allowed us to
evaluate the potential and significance of the hydrogel system
for neural tissue engineering applications and as a 3D tumor
cell culture model.

2. Experimental

2.1. Preparation of MC/AGR solution

The MC and AGR powder were sterilized via UV for 30 min. In
order to provide equal sterilization the powders were gently
shaken every 10 min. The 3 and 5 wt% MC (METHOCEL A15LV,
Sigma Aldrich) was added to the 3 and 3.5 wt% AGR (SeaPrepR,
Lonza) aqueous solutions respectively. The powder MC and
AGR were dissolved in phosphate-buffered saline (PBS, Life
Technologies) separately and stirred overnight. Then, the AGR
solution was mixed with the MC solution and left to stir over-
night to provide a homogeneous mixture of both solutions.

The thermal physical crosslinking of MC/AGR took place
under temperature increase at ca. 37 °C as described in our
previous publications.***

2.2. MC/AGR degradation

The 3MC/3AGR and 5MC/3.5AGR hydrogel samples for degra-
dation tests were soaked in PBS at 37 °C to mimic the physio-
logical environment for 3 weeks. The specific procedure was
conducted as follows:

(1) Each 2 ml micro-centrifuge tube was weighed before and
after addition of 500 ul of hydrogels (21 samples for each group,
w2-wl was assigned as wet weight ww). The hydrogels were
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stored overnight at 37 °C in incubator to provide thermal
physical gelation.

(2) 500 pl of PBS previously stored at 37 °C was added to the
tube with hydrogel samples. The addition of heated PBS was in
order to avoid hydrogel degelation.

(3) All of the samples were marked and put into an incubator
at 37 °C.

(4) The PBS was changed every 3 days.

(5) At 1, 2, 4, 6, 8,12, 18 day (¢), three samples of each group
were taken out, the PBS was removed, and samples were dried
in a vacuum dryer (MEMMERT VO) at 50 mBar for 24 h at room
temperature. Dry weight (wd(t)) of each sample was weighed.

In respect to the samples weight from the 1st day, dry to wet
weight ratio of 3MC/3AGR and 5MC/3.5AGR were calculated
(wd(1)/ww(1)). According to this the theoretical initial dry
weight at ¢ day was calculated according the following equation:

wd()* = ww(r) x wd(1)/ww(l)

Degradation at ¢t day was determined from the following
equation:

wd(7)* — wd(?)

Wd(l)* x 100%

Degradation (¢) =

2.3. Preparation of short PLLA/laminin electrospun fibers

PLLA fibers with oriented morphology (PURASORB PL 49,
Purac, Netherlands) were electrospun and subsequently frag-
mented using ultrasonication as previously described.*® Their
average length after ultrasonication was in the range of 40-60
um. The PLLA mats and short fibers were sterilized using a UV
light for 30 min, and then with 70% ethanol and left overnight
to evaporate the residuals of ethanol. The SEM images of PLLA
fibers before and after ethanol treatment were included in ESI
(Fig. At). Ethanol caused slight fibers relaxation, but the fiber
morphology changes were not significant. After that, laminin
was immobilized to the PLLA mats and short fibers by physical
adsorption. Fiber samples without immobilized protein served
as a reference. The 1 mg of laminin from Engelbreth-Holm-
Swarm murine sarcoma basement membrane (Sigma Aldrich)
was dissolved in PBS to obtain the protein concentration of 41
pg ml~". The solution was vortexed delicately for 2 h. The PLLA
fiber mat and short fibers were immersed in laminin solutions
for 24 h at 4 °C. All of the samples were washed 3 times with
demineralized water for 8 h to remove non-adherent proteins.

2.4. Preparation of short fibers/hydrogel system

The PLLA and PLLA/laminin short fibers were added to the MC/
AGR hydrogels at 2.5 mg ml~ " and 5 mg ml~ " and stirred on
a magnetic stirrer overnight.

2.5. Fiber characterization

2.5.1 Water contact angle (WCA). The WCA measurements
of electrospun mats were carried out to evaluate the changes in
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the PLLA fiber's surface wettability before and after the physical
adsorption of laminin. Additionally, some PLLA samples were
selected and treated with 70% ethanol to decrease the surface
tension of fibers and increase the amount of immobilized
protein.®® After ethanol evaporation, PLLA fibers were modified
with laminin.

All of the measurements were conducted with the use of Data
Physics OCA 15EC (Germany) using the sessile drop method. A 2
ul water drop was dispensed onto the surface of the fibers. The
surface contact angles were measured at 1 and 3 s.

2.5.2 Bicinchoninic acid assay (BCA) assay. Total protein
adsorption was assigned by using the BCA assay (Sigma
Aldrich). BCA protocol assumes the formation of purple-
coloured products obtained in the chelation reaction of two
bicinchoninic acid molecules with Cu’. The BCA working
reagent preparation assumed mixing 50 parts of BCA reagent A,
50 parts of BCA reagent B, and 1 part of BCA C. Protein
adsorption was determined for the previously ethanol-treated,
rinsed with water, and dried PLLA electrospun mats and short
fibers. The laminin solutions at concentrations of 0, 0.5, 5, 10,
15, 20, 25, and 30 ug ml~ " served as a standard curve.

After being weighed, mats and short fibers were placed in
a 24-well plate, soaked in 200 pl of PBS, and incubated at 37 °C
for 2 h. After that, 200 ml of BCA solution was added to each
fibrous sample, and laminin dilutions for a standard curve, and
were gently shaken at 37 °C for 2 h.

The absorbance at 562 nm was determined by a microplate
spectrophotometer (Fluoroskan Ascent, Thermo Scientific).
From obtained absorbance, the average absorbance values of
blank samples were subtracted, and subsequently, normalized
values were plotted as a function of mass concentration (g L™%).

2.6. Hydrogel system/short fibers characterization

2.6.1 Viscosity. The viscosities of 3MC/3AGR and 5MC/
3.5AGR hydrogel without fibers and filled with 2.5 mg ml™*
and 5 mg ml~ " of PLLA PL 49 short fibers were measured via
HADV-III Ultra viscometer equipped with a cone/plate geometry
(CP-52 (cone angle 3°)). The measurements were carried out at
a constant temperature of 22 °C and 37 °C, and various constant
shear rates of 50, 100, 200, 300, 400, 500, and 500 s~ *. Very low
and high viscosities beyond the measurement possibilities were
extrapolated numerically using the Carreau regression model
which fit well with the experimental results.*®

2.6.2 Injectability test. Evaluation of MC/AGR and MC/AGR/
PLLA injectability was carried out via a servo hydraulic loading
actuator (MTS Systems GmbH). The system was electronically
controlled based on a displacement LVDT sensor in order to
perform an accurate expansion velocity. The stand was inter-
changeably equipped with two various Interface load cells of
1500ASK-1000N and 1500ASK-125N of two measuring ranges:
max. 1000 N and max. 125 N (Interface, Inc., Scottsdale, Arizona,
USA). The 1 ml of each solution was loaded into the 1 ml glass
syringe (FORTUNA OPTIMA Ganzglasspritze, Poulten Graf
GmbH, Germany) coupled with a 23 gauge needle (d = 0.34 mm).
The syringe was placed in a special holder, where the tip of the
piston was in contact with the dynamometer, and the syringe was
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pointing downwards. The solutions were injected into previously
heated and thermally crosslinked 2.5 wt% MC hydrogel, having
a shear modulus that corresponds to the native human spinal
cord.** To keep 2.5 wt% MC in crosslinked form as well as provide
conditions that fairly mimic the in vivo conditions, the hydrogel
solution was heated to 37 °C during all injectability tests.

The 1 ml of solutions were injected with two different flow
rates of 1 ml min~"! and 0.125 ml min~". During an experiment
of hydrogel injection, the injection force was registered.
According to many literature reports, i.e. Kim et al.*® the force of
50 N is considered to be the maximum value above which
a manual injection is impossible. To evaluate the maximum
force needed to perform the injection, the highest registered
values were taken, averaged from the three measurements, and
subsequently determined as the average maximum injectability
force for each sample. The measurements were acquired via an
individually prepared electronic code that was based on the
MTS Systems testing environment.

2.6.3 Hydrogel system/short fibers morphology. The
morphology of hydrogel loaded with short electrospun nano-
fibers was investigated using a Scanning Electron Microscope
(SEM) (JEOL JSM-6390LV, Japan). Before imaging samples were
placed into the freezer at —70 °C overnight. Then frozen
samples were freeze-dried in a vacuum freeze dryer to remove
water residuals. All of the freeze-dried samples were sputtered
with 8 nm of gold. The acceleration voltage was 7 kV.

2.6.4 Biological tests. Based on the results of our previous
studies, i.e.,* a hydrogel system of 5MC/3.5AGR was selected
due to its good mechanical and biological properties. For bio-
logical studies, the following samples were studied: a pure 5MC/
3.5AGR hydrogel, 5MC/3.5AGR with the addition of laminin
(5MC/3.5AGR/L), 5MC/3.5AGR modified with 2.5 mg ml~" short
PLLA fibers (5MC/3.5AGR/F), 5MC/3.5AGR with the addition of
laminin and modified with 2.5 mg ml~" short PLLA fibers (5MC/
3.5AGR/L/F) and 5MC/3.5AGR with the addition of laminin and
modified with 2.5 mg ml™" short PLLA/laminin fibers (5MC/
3.5AGR/L/F/L).

Samples preparation: MC and AGR powder were sterilized
with UV light for 30 min. While sterilizing, the powder was
gently shaken every 10 min to provide homogenous steriliza-
tion. After that, MC and AGR powder was dissolved in sterile
PBS. The choice of PBS as a solvent prevents hyperosmotic
stress. For 3MC/3AGR/L, 5MC/3.5AGR/L, 3MC/3AGR/L/F/L, and
5MC/3.5AGR/L/F/L samples additionally 1mg of laminin was
added to the solution.

Simultaneously, short electrospun fibers were sterilized with
UV light for 30 min, then sterilized with 70 wt% ethanol and left
under the hood for ethanol evaporation. After that sterile lam-
inin was introduced to the fibers as reported in Section 2.4.2.

Then sterile hydrogel solutions and fibers were mixed and
left overnight for stirring. The homogenous hydrogel solutions
were stored for 72 h in the incubator at 37 °C to provide thermal
crosslinking of the MC/AGR system as was previously
reported.*

2.6.4.1 Evaluation of biocompatibility on mouse fibroblasts.
Fibroblasts culture: biocompatibility tests were carried out with
the use of the L929 line of fibroblasts (Sigma Aldrich). Cells were
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cultured in 75 cm® flasks containing a medium prepared of
High Glucose Dulbecco's Modified Eagle's Medium (DMEM),
10% fetal bovine serum (FBS), and 1% antibiotics. Cells were
incubated in a 5% CO, environment at a constant temperature
of 37 °C. Harvesting of the cells took place in 70-80% confluent
flasks. In the first step cells in PBS. After that step, 5 ml of 0.05%
of trypsin solution was added to the cells and placed in the
incubator for a few minutes. Then the flask was tapped deli-
cately in order to detach the cells. After obtaining harvested
cells, 10 ml of culture medium was added and centrifuged. The
centrifugation was carried out at an ambient temperature. The
pellet was resuspended with a culture medium to obtain the
required cell density.

Biocompatibility evaluation: to determine the -cellular
response to the prepared set of hydrogels loaded with short
fibers, a series of different studies were performed including
cytotoxicity on hydrogel extracts as well as cellular morphology
evaluation in direct contact.

Extracts for in vitro tests were determined from 5 samples of
each hydrogel type (100 pl) placed in a 48-well plate according
procedure reported before.*" Briefly, samples were immersed in
300 pl of culture medium per well, kept at 37 °C, and gently
stirred for 24 h. For reference, along wells with samples, 5 wells
without hydrogel were filled with the medium as well. At the
same time L929 cell suspension was seeded into another 48-well
plate in the same amount of wells as sample extracts plus
control with density 2 x 10* cells per well and put in an incu-
bator for 24 h. After that time the culture medium from cell-
seeded wells was replaced with material extracts and the plate
was placed in the incubator for another 24 h contact with
materials.

In the next step, extracts were removed, and each well was
filled with 180 ml of PBS and 20 ml of Presto Blue reagent. After
this step, the plate was returned to the incubator for 60 min.
This step was completed, and 100 ml from each well was
transferred to the 96-well plate. The fluorescence read with
excitation/emission 530/620 nm filters was measured with the
use of 530/620 nm excitation/emission wavelength by Fluores-
cent Accent FL Thermo Fisher Scientific. The results were
compared with the Presto Blue fluorescence of blank samples,
which did not show metabolic activity, and the control (Tissue
Culture Plate TCP), which showed 100% of metabolic activity.

Fibroblast morphology in contact with hydrogels was
analyzed with microscopy. L929 cells were seeded on cross-
linked hydrogels with the density of 5 x 10* per well in 250 ml of
the medium in a 24-well plate. Before analysis, seeded cells were
stained with the CellTrace™ Yellow Cell Proliferation Kit
(Thermo Fisher Scientific). Briefly, 3 mg of CellTrace dye-
labelled 1 x 10° cells, and the staining was carried out for
20 min. After 3 days, samples were observed under fluorescence
microscopy (Leica AM TIRF MC).

2.6.4.2 Evaluation of morphology of glioma cells. Glioma cells
culture. Human malignant LN18 glioma cells were obtained
from American type culture collection and were cultured in
Dulbecco's-modified Eagles' medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; Gibco, Invitrogen) and
antibiotics: 100 ml~" penicillin and 100 pg ml™" streptomycin
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(Gibco, Invitrogen) in a humidified atmosphere of CO,/air (5%/
95%) at 37 °C (Heraeus, Hanau). Cell lines were authenticated
using multiplex cell authentication by Multiplexion in Heidel-
berg, Germany.

Patient-derived glioma cell culture WG4 (GBM WHO grade 4)
was developed as previously described.*” Cells were cultured in
DMEM/Nutrient Mixture F-12, GlutaMAX™ medium (DMEM/F-
12, GlutaMAX™) supplemented with 10% FBS (Gibco, Invi-
trogen) and antibiotics (100 U per ml penicillin, 100 pg ml™*
streptomycin) in a humidified atmosphere of CO,/air (5%/95%)
at 37 °C (Heraeus, Hanau).

For morphological analysis of glioma cells, LN18 or WG4
cells were seeded (5 x 10 or 3 x 10 per well, respectively) onto
crosslinked hydrogels-coated 24-well plates in 300 ml of
appropriate medium. Before seeding, glioma cells were stained
with 5 uM CellTrace™ Yellow dye for 20 min according to the
manufacturer's instructions (CellTrace TM Cell Proliferation
Kit, Thermo Fisher Scientific). The changes in cell morphology
were monitored at various times by fluorescence microscopy
(OLYMPUS IX70) using excitation at 530-550 nm.

WG4 cell morphology in contact with hydrogels in higher
magnification was analyzed with fluorescence microscopy.
Similar to the above-described methodology, WG4 cells were
stained with the CellTrace™ Yellow Cell Proliferation Kit
(Thermo Fisher Scientific) and seeded on crosslinked hydrogels.
After 1 and 3 days, samples were observed under fluorescence
microscopy (Leica AM TIRF MC) in transmitted light axis
brightfield mode (TL-BF) and fluorescence mode to show
cellular-substrates integration.

2.6.4.3 Statistics. The one-way ANOVA method was used to
evaluate the statistical significance between the wettability of
unmodified PLLA fibers, PLLA modified with laminin, PLLA
modified with EtOH, and subsequently with laminin; the
amount of immobilized laminin to the electrospun, frag-
mented, and EtOH-modified PLLA fibers. Additionally, the
same statistic was used to evaluate the statistical significance
between the forces needed to inject hydrogel systems and
hydrogel systems loaded with nanofibers; and biological
studies. A Tukey's test of all groups evaluated the statistical
significance between individuals. The statistical analyses were
conducted for p < 0.05 using GraphPad Prism 9.4.1 Software.
The p below 0.05 was considered to be significant statistically,
where 0.05 > p > 0.01 is assigned as “*”, 0.01 > p > 0.001 is
assigned as “**”, p <0.001 is assigned as “***” while p <0.0001
is assigned as “****»,

The WCA, BCA, viscosity, injectability, and cytotoxicity data
are shown as mean + SD (n = 3).

3. Results

3.1. MC/AGR degradation

The degradation rate of MC/AGR showed sustained degradation
of both 3MC/3AGR and 5MC/3.5AGR over 12 days. The full
materials' degradation occurred after 18 days. The 5MC/3.5AGR
resulted in slightly slower degradation than 3MC/3AGR during
12 days of degradation studies (Fig. 1).
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Fig.1 Degradation of 3MC/3AGR and 5MC/3.5MC for 3 weeks at 37 °C.

3.2. Fiber characterization

3.2.1 WCA. The results of WCA measurements before and
after laminin incorporation into the fibers are shown in Fig. 2.
Additionally, some of the PLLA/laminin samples were previ-
ously treated with EtOH to decrease the surface tension of the
fiber mat. The contact angles for all samples were in the range
of 98-125 °. As predicted, the short fiber samples modified with
laminin and previously modified with EtOH and laminin
showed a slight decrease in contact angle compared to the non-
treated samples (Fig. 2).

3.2.2 BCA. Surface modification with proteins via physical
adsorption involves such interactions as electrostatic,
hydrogen, hydrophobic, and van der Waals, which allows good
biomolecule adhesion to the fibers surface.**** Laminin was
selected to determine its adhesion ability to electrospun mats as
well as short fibers made of PLLA. Since there are many reports
of qualitative studies of laminin-PLLA relations using X-ray
photoelectron spectrometry (XPS) (e.g. ref. 35, 45 and 46), our
studies were focused on quantification of laminin coupled onto
fibers via BCA assay (Fig. 3). The two parameters that were
considered to improve laminin adsorption were taken into
account. One of them was a higher area of short fibers, while
another was the additional treatment of PLLA fibers with EtOH
before they were adsorbed with laminin.

The BCA assay indicated that both factors - fibers fragmen-
tation and EtOH treatment lead to an increase in the amount of
adsorbed laminin on the fibers surface, resulting in the highest
adsorption for short fibers treated with EtOH (Fig. 3).

3.3. Short fibers/hydrogel system characterization

3.3.1 Viscosity. The viscosity was determined for 3MC/
3AGR and 5MC/3.5AGR at different shear rates at room and
physiological temperatures. The viscosity measurements as
a function of shear rates indicate non-Newtonian shear-
thinning characters of investigated hydrogels (Fig. 4). The Car-
reau model, commonly used to describe shear-thinning fluids
[e.g. ref. 48], was well fitted to our experimental data, with R* >
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temperature. Statistical significance: ***p < 0.001, ****p < 0.0001.

0.94. Irrespective of the temperature, MC/AGR showed the
shear-thinning effect, being most pronounced for higher
temperature and polymer concentration. The effect of temper-
ature on shear thinning phenomena is well pronounced at
lower polymer concentrations (3MC/3AGR) (Fig. 4a).

Another observation is an increase in the viscosity of
hydrogel systems with the MC and AGR concentration and the
addition of short fibers. The addition of short fibers statistically
significantly increased the viscosity of the hydrogel system
(Fig. 4b).

3.3.2 Injectability tests. In these studies, injectability
measurements are defined as the easiness of hydrogel extrusion
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represented as the injection force. According to the literature
reports*”*® there are three components of injection force that
were observed during force measurements (Fig. 5b). The first
one is a plunger-stopper break-loose force (PBF), which is the
force initiating the displacement of the plunger. In our studies,
PBF was not analyzed due to using of a special glass syringe with
a precisely adjusted plunger, which enables its easy slide
resulting in minimization of gliding force under steady condi-
tions, allowing neglecting PBF.** The second one is a dynamic
glide force (DGF), that provides approximately sustained
movement of the hydrogel out of the syringe (Fig. 5b).*° The last
one is a maximum force (Fy,.y), the highest force that is needed
to move the plunger during the injection (Fig. 5b). Usually, the
F.x and the PBF are the same values.”* In our studies, Fax
results from the materials' nature, i.e., when hydrogel aggre-
gates or accumulation of short fibers reaches the syringe, the
force increases rapidly for a moment and then returns to the
steady state.

Fig. 6 shows the average forces, i.e., DGF, and Fp,. The
measurements were conducted for a volumetric flow rate of
1ml min~" (Fig. 6a) and 0.125 ml min~ " (Fig. 6b). According to
the literature reports, injection ability depends on needle size
and geometry, injection rate, i.e., volumetric flow rate, and the
viscosity of the hydrogel.*” In our studies, we used one needle
size of 23G as commonly used for manual injection, as it limits
invasiveness and increases patients' comfort.**

For the applied flow rate of 1 ml min~", it was observed
a statistically significant increase in DGF with hydrogel systems
concentrations, and the content of short fibers in the solution
(Fig. 6a). Despite the visible trend of increase in Fp,.x with
increasing viscosity of hydrogel systems, the statistically
significant value was observed only between the smallest MC/
AGR concentration without PLLA fibers and the highest MC/
AGR concentration with the largest amounts of PLLA fibers.

For a flow rate of 0.125 ml min~" (Fig. 6b), the forces were
practically independent of the samples’ viscosity, and the
differences between them were statistically insignificant. For
this flow rate, the DGF and Fy,, forces were lower in compar-
ison to 1 ml ml™".

b)
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Fig. 5 Injectability test of MC/AGR hydrogels and MC/AGR short PLLA
fibers hydrogel systems: (a) digital image of injectability test. The
hydrogel system injection into the hydrogel, which simulates storage
modulus (G)) of the spinal cord, i.e. 5-42 kPa,% (b) representative
example of the force measurement as a function of extruded volume
(%) of 3MC/3AGR hydrogel at flow rate 0.125 ml min™.
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Fig.6 Average forces, i.e., DGF, and F ., needed to make an injection
of hydrogel through a 23G needle for various MC/AGR concentrations
and PLLA fibers contents. The applied flow rates of (a) 1 ml min~2, (b)
0.125 ml min™™. Statistical significance: *p < 0.05, **p < 0.01, ***p <
0.001.

Additionally, for both flow rates, it was observed that short
PLA fibers addition increased the Fy,x needed for hydrogel
system injection. However, no significant differences in forces
with the amounts of added fibers were observed.

3.3.3 SEM. The SEM images presented in Fig. 7 compare
the hydrogel of 3MC/3AGR and 5MC/3.5AGR before and after
PLLA short fibers addition. The images show the presence of
short PLLA fibers inside the hydrogel structure. The
morphology of both 3MC/3AGR and 5MC/3.5AGR filled with 2.5
and 5 mg of PLLA short fibers showed complex, 3D character-
istic structures.

3.3.4 Biological tests

3.3.4.1 Evaluation of biocompatibility. Viability tests were
conducted using Presto Blue assay on the above 5MC/3.5AGR
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Fig.7 SEMimages of pure 3MC/3AGR and 5MC/3.5AGR hydrogel and
after subsequent PLLA short fibers addition.

hydrogel systems extracts after one and three days. Conduct-
ing such studies allowed us to assess the materials' relevance for
tissue engineering applications.

The results indicated the cell viability was at a similar level as
the control (tissue culture plastic (TCP)) and did not show
values below 70%. A value of =70% under ISO 10993-5 standard
is considered to be the limit of nontoxicity. The cell viability of
most of the samples was comparable to the control. The
exception was the 5MC/3.5AGR_L/F/L sample, where cell

.
140 1
t
120 A T
100 - 2 l I
o T - I
< I
> 80 4
%
S 60
40
20
0 T T T T T
@Q“ oY S R Pe
o © Q-
o RS & Q7
o ? X &
» o o? X
S § :
‘)@ @{) 0\"’.’:
D

Fig. 8 Fibroblasts viability tests on extracts. Statistical significance
***p < 0.001.
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viability was statistically significantly higher in comparison to
the control (Fig. 8).

3.3.4.2 Morphology of fibroblasts seeded on hydrogel systems
and hydrogel systems loaded with short fibers. The L929 fibro-
blasts morphology on 5MC/3.5AGR hydrogel, 5MC/3.5AGR_L
(hydrogel with added laminin), 5MC/3.5AGR_L/F (hydrogel
with added laminin and modified with short PLLA fibers), and
5MC/3.5AGR_L/F/L (hydrogel with added laminin and modified
with short PLLA/laminin fibers) using FM are shown in Fig. 9. In
comparison to the control TCP (tissue culture plastic) the
materials show increased amounts of fibroblasts, their homo-
geneous distribution on the hydrogel surface. Cellular
spreading and extended morphology of cells seeded on hydro-
gels are characteristic of proper L929 growth and indicator of
good material-cell interactions. Such morphology was observed
for 5MC/3.5AGR_L and 5MC/3.5AGR_L/F in comparison to the
TCP. The 5MC/3.5AGR_L/F/L showed a different distribution
than other samples and the control. It could be the effect of cell
aggregates and multilayering formation, where cells overgrow
on each other forming many layers of variously oriented cells
due to a laminin-rich substrate.>

A fibroblast morphology is bipolar with parallel orientation
to the substrate,* such orientation is especially visible on Fig. 9
for hydrogel 5MC/3.5AGR. Cells seeded on 5MC/3.5AGR_L and
5MC/3.5AGR_L/F hydrogels indicated spindle-like morphology
characteristic of polar substrates and good cellular interaction.
The fibroblast amount on most hydrogels was similar to the
control which corresponds with cellular viability (Fig. 8).

3.3.4.3 Morphology of glioma cells seeded on hydrogel systems
and hydrogel systems loaded with short fibers. LN18 and WG4
glioma cells cultured on 3D hydrogels substrates: 5MC/3.5AGR,

5MC/3.5AGR 5MC/3.5AGR_L

5MC/3.5AGR_L/F/L

5MC/3.5AGR_L/F

Fig. 9 FM images of L929 fibroblast morphology while seeded on
various variants of MC/AGR hydrogel systems after 3 days of culturing.
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5MC/3.5AGR_L, 5MC/3.5AGR_L/F, and 5MC/3.5AGR_L/F/L were
compared with 2D monolayer culture (TCP). The 2D monolayer
culture was characterized by flat cell morphology for both
glioma cell lines. The presence of protruded serval broad
lamellipodium on 2D monolayer culture was especially visible
for both lines after 3 days of culturing (Fig. 10 and 11). The 3D
cell culture hydrogels exhibited aggregate formation and related
round-shape morphology for LN18 cells after one and three days
of cell culture.

Contrary to LN18, the WG4 cells seeded on 3D hydrogels
showed spindle morphology with clear polarity after one and
three days (Fig. 11).

All hydrogels were noncytotoxic for glioma cell growth and
proliferation. The glioma cell from both lines was in various
hydrogel heights providing their infiltration in hydrogel
volumes.

Images from fluorescence microscopy of WG4 cells cultured
on 3D hydrogels substrates were taken in transmitted light axis
brightfield mode (TL-BF) and fluorescence mode after 1 and 3
days of culturing. Images in transmission show hydrogels
morphology and short fibers occurrence (ESI Fig. B and C,T left
column). Cellular skeleton was illustrated in fluorescence mode
(ESI Fig. B and C,t middle column). Images from both modes
were merged to highlight -cellular-hydrogel integration
(Fig. Band C,f right column). After 3 days of culturing, WG4

LN-18 cells after 1 day

1

LN-18 cells after 3 days

5MC/3.5AGR

‘
‘
l
‘

Fig. 10 LN18 glioma cell morphology by FM after 1 and 3 days of
culturing.

g g g
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Fig. 11 WG4 glioma cell morphology by FM after 1 and 3 days of
culturing.
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cells seeded on 5MC/3.5AGR_L/F/L showed the best connection
between the cells and show well-developed lamellipodia with
filopodia in comparison to other samples and the control.

4. Discussion

In this paper, a thermosensitive injectable MC/AGR hydrogel
system loaded with short electrospun bioactive PLLA/laminin
fibers as a smart scaffold for tissue engineering or a 3D cell
culture model has been studied.

The degradation rate of hydrogel plays an important role in
scaffolds implanting and cell-material response. Proper scaffold
degradation should provide tissues outgrowth and vasculari-
zation at lesion. For instance, scaffolds dedicated bone tissue
engineering should not degrade for two weeks, while for central
nervous system tissue engineering biomaterial should be stable
for ca. 1-2 months.*® In our results, both materials degraded
after 18 days indicating, in the future degradation rate should
be improved by incorporation of some additives or increasing
the concentrations of both hydrogel components. According to
the Zhuo et al.,** adding polyethylene glycol (PEG) to MC could
extend the degradation to ca. 50% after 21 days, and a higher
MC contribution in the solution could decrease the degradation
rate in hyaluronic acid/MC hydrogel due to its stable chemical
structure at physiological conditions.
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Still, during our biological studies, both hydrogels weight
loss was in the range of 10-17% after 2 days of cell culturing,
which according to the literature, e.g., ref. 56 is irrelevant to the
3 day studied cell response.

Laminin, used by us as for modification of short fibers, is
ECM native protein that is synthesized after nerve damage and
supplies surface cues essential to neurite outgrowth and
regeneration.”” Aliphatic polyesters such as PLLA are bio-
chemically inert, decreasing cell attachment to the material. To
overcome this limitation, various chemical (e.g. aminolysis,
hydrolysis, chemical grafting) and physical (e.g. physical
adsorption, layer-by-layer assembly) functionalization methods
and protein immobilization are used. In comparison to chem-
ical fiber modification methods, the physical adsorption of
laminin into PLLA fiber's surface allowed to keep the bulk
properties of the polymer and mechanical properties,** and
simultaneously increase hydrophilicity and provide bioactive
surface cues enhancing cell-materials attachment. The studies
dedicated to short PLLA fibers modification with laminin and
previously treated with EtOH showed the most satisfactory
increase of hydrophilicity and laminin attachment. This is most
likely the effect of a high surface area of short electrospun
fibers, increased surface roughness,*® and lower surface tension
for EtOH-treated mats.>>* All of these parameters are favorable
from the cellular perspective.

The MC/AGR hydrogel system loaded with short electrospun
bioactive PLLA/laminin fibers was characterized in terms of
viscosity, injectability, morphology, and biological properties.

The observed increase of viscosity measured at 37 °C is
a consequence of the thermal gelation of MC. Regardless of the
temperature, the hydrogel system characterized the shear-
thinning effect, which is a consequence of molecular disen-
tanglement and chain alignment toward applied forces. It leads
to a reduction of molecular interactions and a larger amount of
free space, resulting in viscosity reduction. This effect is natu-
rally better manifested in higher molecular weight polymers or
in physically crosslinked polymers like our MC/AGR hydrogel at
37 °C, being highly entangled systems. In the case of a relatively
low concentration system, for instance, 3MC/3AGR, at room
temperature, the entanglement density is expected to be low at
rest, so there is no large shear thinning effect. An increase of
shear thinning effect for such low concentrated systems is
evident at higher temperature at which a physical crosslinking
occurs, increasing effective chain entanglements at rest.

Additionally, all of the obtained viscosities of hydrogels and
short fibers/hydrogel systems are below 1000 cP (Fig. 4).
According to Bradshaw et al.,** this value is considered to be
a limit of injection ability through a 23 gauge needle. To
confirm these reports, additional studies of injectability tests on
hydrogels and short fibers/hydrogel systems were carried out.

The injectability tests were conducted to study materials
from a practical clinical perspective. Depending on applied
injection rates, DGF and Fy,,, were different, the higher injec-
tion rate resulted in higher DGF and Fy.x. The results were
consistent with the literature reports, i.e. ref. 50, showing that
the slower injection rate could overcome difficulties caused by
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large aggregates during hydrogel extrusion, resulting in reduc-
tion of injection force.

Our results clearly documented an increase of the Fy,,, after
short PLLA fibers addition. The lack of any statistically signifi-
cant differences in forces as a function of added fibers content
could be explained by a weak dependence of PLLA fiber orien-
tation along the applied shear on the fibers concentration, at
least in this range of concentrations, resulting in insignificant
effect on the ultimate viscosity at a particular shear rate.

According to the literature reports e.g. Kim et al.** 30 N is the
Fiax, Which is reasonable to make an injection by humans.
Above 30 N injection by humans remains difficult or even
impossible. From Fig. 6a it is evident that when the flow rate of
1 ml min~" is applied, only 3MC/3AGR, 3MC/3AGR loaded with
PLLA fibers, and 5MC/3.5AGR pure hydrogel are within the Fy,.x
limit. While the flow rate is decreased (Fig. 6b), all of the
measured samples showed a Fy,,,x below 20 N. Thus, similarly to
ref. 50, by decreasing the volumetric flow rate, all of the
hydrogels could be easily injected through a 23G needle by
humans.

The importance of ECM-mimicking morphology provides
topographical cues for cellular adhesion and allows nutrients
and gas transportation, which is also justified in the litera-
ture.®*** The morphology of both hydrogel system variants
showed unique 3D fibrous structures that, according to litera-
ture reports, are similar to native ECM in rat spinal cord.®**
Additionally, hydrogel systems functionalized with short PLLA
fibers also showed a clear resemblance to porcine native carti-
lage ECM as shown by Chen et al.®® According to Narkar et al.,*”
designed biomaterials for tissue engineering applications
should not only mimic native ECM in such biological stimuli as
adhesive proteins and provide adequate mechanical properties
but also should provide morphology that various cells could
respond to.

Invivo increased cell proliferation rates evoked by a favorable
environment enhance tissue regeneration faster.®® Additionally,
the laminin-rich scaffolds are especially decent from the
perspective of nerve regeneration, where they provide guidance
cues to ensuing axons that are capable of migrating from the
proximal to distal ends. Such material's functionalization
increases their functionalities range: laminin-rich scaffolds not
only would enhance nerve regeneration but also, with the use of
modern processing methods, could increase bone regeneration
capabilities.* The presence of a high amount of ECM protein
contact guidance cues in the hydrogel system, consistent with
literature reports, resulted in increased cell viability.”

Another important factor determining scaffold relevance for
tissue engineering applications is the morphology of cells
subcultured onto the scaffold. Cell morphology is strongly
involved in overall physiology and could point out such
processes as apoptosis or growth inhibition.” Also, cell distri-
bution could provide decent information on whether cells are
well attached to the material. The homogenous cell distribution
indicates high cell adhesion to the scaffold, while the formation
of cellular agglomerated clusters indicates the multilayering
formation as a result of laminin-rich substrate. Most of the
studied hydrogels substrates showed higher amounts of
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flattened and extended cells distributed homogeneously on the
surface of the whole material compared to the control. This
observation confirmed good physiology and cellular interaction
with hydrogels. An unusual morphology of 5MC/3.5AGR_L/F/L
(Fig. 9) could be the effect of cellular aggregation or cell mul-
tilayering formation, where cells overgrow on each other form-
ing many layers of cells. Since this variant of the hydrogel
system had the highest amounts of laminin, the multilayering
effect of the cells could be the consequence of intensive ECM
production by cells in such an environment and higher prolif-
eration rate, which is clearly visible in Fig. 9. We observed
increased viability and proliferation of cells seeded on hydro-
gels with laminin additive (Fig. 8 and 9), similarly to the liter-
ature reports.”>”*

Glioma cell morphology and motility highly depend on
three-dimensional architecture in vivo, substrate stiffness, and
biochemical signalization.”” It is challenging to provide all of
these factors in classic 2D culture. Application of 3D hydrogel
model in vitro to study glioma cell motility, the morphology,
proliferation and function of the cells therein is more adequate
to the actual in vivo conditions than 2D cultures.

The glioma cell morphology could provide crucial informa-
tion about their migration pattern, which is a prerequisite for
tumor invasiveness and metastasizing ability but also their
physiology. A round glioma cell morphology indicates the
smallest adherent area with little actin-rich protrusions. Such
morphology demonstrates no interactions between the
substrate and the cells. Elongated morphology with well-
developed filopodia and lamellipodia demonstrates higher
migration rates and increased adhesion to the substrate.
Additionally, LN18 cells are spindle-shaped and WG4 are more
star-shaped cells. Due to the change of the media from standard
medium (which contains serums) to stem cell culture medium
(without serum, but with growth factors EGF, FGF and supple-
ment B27), both LN18 and WG4 form spheres.” Therefore, the
spherical shape of the cell seeded on hydrogels may be a sign of
the lack of access of cells to the serum in the hydrogel.

Substrate stiffness also is an important parameter in glioma
cell proliferation. Pogoda et al. reported, glioma cells do not
spread on lower stiffness of hydrogel substrates showing round
morphology.” In other studies, Ulrich et al.”” reported glioma
cells seeded on stiffer hydrogel substrates significantly influ-
ence motility and increase cellular proliferation in comparison
to substrates with mechanical properties similar to native
tissues. Glioma cell migration depends on contractile forces
generated by actomyosin and relies on the regulation of
dynamic spaces between the cellular cytoskeleton and ECM.
Stiffer surfaces increase the expression and activity of contrac-
tile proteins in glioma cells. Additionally, for glioma cells
seeded on the stiffer substrate, the confluency was faster and
this phenomenon is most likely the effect of the changed cell
cycle upon the change of mechanochemical feedback during
mitosis.”” LN18 cells have a smaller volume than WG4, therefore
their interaction with the hydrogel results from the difference in
stiffness. We may also cell behavior on our hydrogels according
to the Johnson-Kendall-Roberts (JKR) theory which predicts the
form of contacts between soft, adhesive surfaces by balancing
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adhesion energy, favoring contact, against elastic energy and
opposes deformation.” When the contact radius of the cell with
hydrogel is much larger than solid surface tension/substrate
stiffnesses (Ysv/E), the contact is described by the JKR theory,
which balances adhesion and elastic stresses. The surface
tension contribution is negligible. We presume this to be the
case with WG4 on fiber hydrogels. However, when the contact
radius is much smaller than Ysv/E, surface tension governs
contact mechanics and adhesion mimics adsorption on a fluid
interface. The undeformed solid surface hits the particle at
a fixed contact angle given by the generalized Young's law.
Elastic forces are negligible. This behavior is observed for LN18
cells on hydrogels with lower Young's modulus. It corresponds
also with previous observation, that LN18 which are smaller
than WG4, seeded collapse in hydrogels with lower Young
modulus as spheres. The retention of the spherical shape is
additionally caused by lower access to the serum in media.”®

Additionally, biochemical cues play a crucial role in glioma
cells’ stimulation or inhibition. According to the literature,”
laminin stimulates human glioma cell migration in vitro. Thus,
in our studies, the WG4 cell showed the spindle-like
morphology and the best-developed lamellipodia with filopo-
dia, accompanied cellular migration, while seeded on the
sample with the highest amounts of laminin. Future studies
could use such a 3D laminin-rich hydrogel platform loaded with
fibers to investigate the characteristic features of glioma cells
and could be an essential part of the complex dependencies of
growth factors, integrins, and extracellular matrix during
glioma cell invasion.

Conclusions

The conducted research was focused on designing modern and
smart kinds of material - injectable thermosensitive hydrogel
loaded with short bioactive electrospun nanofibers. Although
hydrogels and electrospun fibers separately are commonly used
in tissue engineering, combination of short electrospun PLLA/
laminin fibers with MC/AGR hydrogel is a novelty in the
context of currently published literature reports. The obtained
results provide fundamental knowledge of composite material
which could be valuable for both materials science and tissue
engineering. Our results show that laminin incorporation via
physical adsorption to the PLLA short fibers with previous EtOH
treatment efficiently decreased the water contact angle. The
properties of PLLA short fibers, i.e., a large surface area, and
roughness, as well as adequate sample preparation using EtOH
reducing surface tension, lead to the incorporation of the
largest amount of protein. The introduction of modified short
fibers into hydrogel allows the system to mimic the native ECM
morphology, providing good cellular response, ie., cell-mate-
rial interactions and increased fibroblasts and WG4 cell
proliferation.

Despite the fact that addition of short fibers lead to increase
of hydrogel system viscosity, injectability tests have shown that,
depending on the injection rate used, hydrogels loaded with
short fibers could be extruded with a force considered reason-
able for a human.

11900 | RSC Adv, 2023, 13, 11889-11902

Paper

In the future studies, thermosensitive hydrogels loaded with
short fibers could be additionally modified with some additives
such as PEG to improve the hydrogels degradation rate, and
studied more thoroughly in terms of neural cell response. On
the other hand, considering increased stiffness of material, its
injection ability and lack of effective therapies for cartilage
defects, cartilage tissue engineering could be also the right
direction.

On the other hand, considering good glioma cells response,
such approaches should serve as a 3D cell culturing platform for
studying, understanding and manipulating glioma cell physi-
ology. An interesting study for the future assumes hydrogel
systems that could be integrated with microfluidic devices to
study static and dynamic glioma cell growth conditions as more
sophisticated model for the study of glioma cells behavior in
a controlled microenvironment generated by fluidic conditions
in an ECM-biomimetic hydrogel matrix.
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Oswiadczenie doktoranta o udziale w publikacji

D AN naukowe]

Niniejszym potwierdzam, ze moj wkiad w przygotowanie publikacji nr 1 tj. Niemczyk
B., Sajkiewicz P., Kotbuk D, Injectable hydrogels as novel materials for central nervous system
regeneration, Journal of Neural Engineering, Vol.15, No.5, pp.051002-1-15, 2018, obejmowat
zgromadzenie danych literaturowych odnoszacych si¢ do 145 publikacji oraz ich analize.
Dodatkowo odpowiedzialna bylam za napisanie przegladu literaturowego, przygotowanie

odpowiedzi dla recenzentow oraz petnitam funkcj¢ autora korespondencyjnego.
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Niniejszym potwierdzam, ze mdj wktad w przygotowanie publikacji nr 2 tj. Niemczyk-
Soczynska B., Gradys A.. Kotbuk D)., Krzton-Maziopa A., Sajkiewicz P., Crosslinking kinetics
of mcthylccllulosc aqueous solution and its potential as a scatfold for tissue engineering,
Polymers, Vol.11, No.11, pp.1772-1-17, 2019, obejmowal wytworzenie roznych stezen
hydrozeli metylocelulozowych, pomiary reologiczne z wykorzystaniem dynamicznej analizy
mechanicznej (DMA) oraz analize uzyskanych wynikéw, jak rowniez badanie morfologii
komorek za pomoca skaningowej mikroskopii elektronowej (SEM). Dodatkowo bratam czynny
udzial w opracowaniu wynikow i dyskusji, odpowiedzialna bytam za napisanie i redagowanie
manuskryptu, przygotowanie wykresow oraz figur zatyczonych w tekscie, przygotowanie

odpowiedzi dla recenzentdw i wprowadzenic odpowicdnich poprawek do manuskryptu oraz
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Niniejszym potwierdzam, ze moj wkiad w przygotowanie publikacji nr 3 t.
Niemczyk-Soczynska B., Gradys A., Sajkiewicz P., Hydrophilic surface functionalization of
electrospun nanofibrous scaffolds in tissue engineering, Polymers, Vol.12, No.ll,
pp.2636-1-20, 2020, obejmowal koncepcj¢, zgromadzenie danych literaturowych
odnoszacych si¢ do 111 publikacji oraz ich analize. Ponadto odpowiedzialna bytam za
napisanie i redagowanie przegladu literaturowego, przygotowanie odpowiedzi dla

recenzentow oraz petmitam funkcje autora korespondencyjnego.
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Niniejszym potwierdzam, ze m6j wkiad w przygotowanie publikacji nr 4 tj. Niemczyk-
Soczynska B., Dulnik J., Jeznach O., Kolbuk D., Sajkiewicz P., Shortening of electrospun
PLLA fibers by ultrasonication, Micron, Vol.145, pp.103066-1-8, 2021, obejmowal koncepcje,
realizacje 1 optymalizacj¢ metody wytwarzania krotkich wiokien PLLA metodg
elektroprzedzenia i fragmentacji ultradzwigkowej. Co wigcej, przeprowadzitam badania
morfologii widkien z wykorzystaniem skaningowej mikroskopii elektronowej (SEM), pomiary
sredniego rozkiadu diugosci oraz $rednic uzyskanych widkien, $redniego rozkiadu cigzaru
czasteczkowego PLLA przed i po procesie elektroprzedzenia oraz fragmentacji metoda
chromatografii zelowej (GPC), jak rowniez pomiary lepkosci hydrozeli z dodatkiem kroétkich
widkien z wykorzystaniem wiskozymetru rotacyjnego. Ponadto, wykonatam analiz¢ wynikow,
przygotowatam zdjecia i wykresy umieszczone w publikacji, przygotowatam dyskusje,
odpowiedzialna bytam za napisanie i redagowanie manuskryptu, opracowanie odpowiedzi dla

recenzentow oraz wprowadzenie odpowiednich poprawek do tekstu.
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Niniejszym potwierdzam, ze moj wklad w przygotowanie publikacjinr 5 tj. Niemczyk-
Soczynska B., Sajkiewicz P., Gradys A., Toward a Better Understanding of the Gelation
Mechanism of Methylcellulose via Systematic DSC Studies, Polymers, Vol.14, No.9, pp.1810-
1-13, 2022, obejmowat przygotowanie hydrozeli metylocelulozowych oraz czgsciowo pomiary
efektow cieplnych z wykorzystaniem rdznicowej kalorymetrii skaningowej (DSC). Ponadto
bralam czynny udzial w redagowaniu manuskryptu, interpretacji wynikow i dyskusji na temat
mechanizmu  sieciowania metylocelulozy. Dodatkowo odpowiedzialna bylam za

przygotowanie odpowiedzi dla recenzentow.

Peate Mae o4 bo—»f@(wf /f {,;tmfj

Podpis doktorantkl

;

'\C_‘_'_‘-

Podpis wspélautoréw

Aot ok %
- drinz. A. Gradys [l éyz-17/



Oswiadczenie doktoranta o udziale w publikacji

DAN naukowej

Niniejszym potwicrdzam, ze moj) wklad w przygotowanie publikacji nr 6 tj. Niemczyk-
Soczynska B.. Gradys A., Kotbuk D., Krzton-Maziopa A., Rogujski P., Stanaszek L.,
Lukomska B., Sajkiewicz P., A methylcellulose/agarose hydrogel as an innovative scaffold for
tissue engincering, RSC Advances, Vol.12, No.41, pp.26882-26894, 2022, obcjmowal
przygotowanie hydrozeli metylocelulozowo-agarozowych, pomiary reologicznc =z
wykorzystaniem dynamicznej analizy mcchanicznc) (DMA) oraz analizg uzyskanych
wynikow, czgsciowo pomiary efcktow cicplnych z wykorzystaniem roznicowe) kalorymetrii
skaningowej (DSC), przygotowanie i analiza trdjwymiarowych zdj¢¢ przestawiajgcych rozktad
komdrek w hydrozelu z wykorzystaniem mikroskopii fluorescencyjncj, analiz¢ statystyczna,
jak rownicz przygotowanie dyskusji do uzyskanych wynikow. Ponadto, odpowicdzialna bytam
za przygotowanic i redagowanie manuskryptu, opracowanie odpowiedzi dla recenzentow oraz

petnitam funkcj¢ autora korespondencyjnego.
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Niniejszym potwierdzam, ze moj wklad w przygotowanie publikacji nr 7 tj. Niemczyk-
Soczynska B., Kolbuk D, Mikutowski G., Ciechomska 1., Sajkiewicz P,
Methylcellulose/agarose hydrogel loaded with short electrospun PLLA/laminin fibers as
injectable scaffold for tissue engineering/31) cell culture model for tumour therapies, RSC
Advances, Vol. 13, No.18, pp. pp.11889-11902, 2023, obejmowal przygotowanie ukladu
hydrozelowego napetnianego krotkimi elektroprzedzionymi wioknami, badania i analizg
biodegradacji uktadu hydrozelowego, modyfikacj¢ wiokien bialkiem laminina, badania
zawartos$ci biatka na powierzchni wiokien testem bicynchoninowym (BCA), charakterystyke
zwilzalnosci widkien z wykorzystaniem goniometru, badania tepkosci uktadéw hydrozelowych
7z wykorzystaniem wiskozymetru rotacyjnego, czgSciowe przeprowadzenie 1estOw
wstrzykiwalnosci, badania morfologii uktadow hydrozelowych, analize uzyskanych wynikow
oraz. analiz¢ statystyczng. Dodatkowo odpowiedzialna bytam za redagowanie manuskryptu

oraz przygotowanie odpowiedzi dla recenzentow.
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