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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
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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
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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 (ie., cell-lECM
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)).2>2®

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

© 2023 The Author(s). Published by the Royal Society of Chemistry
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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(¢)) 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(1)

Degradation at ¢ day was determined from the following
equation:

wd(1)* — wd(z)

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 pg 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

© 2023 The Author(s). Published by the Royal Society of Chemistry
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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 ug ml~" streptomycin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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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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before and after short fibers addition at y = 500 s~ at room
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

© 2023 The Author(s). Published by the Royal Society of Chemistry
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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 (Fi,,,), the highest force that is needed
to move the plunger during the injection (Fig. 5b). Usually, the
Fmax and the PBF are the same values.” In our studies, Fiax
results from the materials’ nature, ie., 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 Fy,a 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 Fi,, 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 F,, forces were lower in compar-
ison to 1 ml ml™".

b)

——3MC/3AGR
64

Fmax

DGF

0 2 P 60 8 100
Extruded volume of hydrogel (%)

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~™.

RSC Adv, 2023, 13, 11889-11902 | 11895


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00851g

Open Access Article. Published on 17 April 2023. Downloaded on 2/20/2026 10:21:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

80 TC—JoGF ]
] Fmax|
70 *
I 1
sk
60+ "
*k
50 - )
E r 1
8 40
(e}
w
30 -
20 4
10
0 ) ¢ I\y. T v. T \y. \y.
W N N ?.0 > >
N § § o § §
© o " & o o
5 O Q& N O &
Q ) 3 & &
X & &
ox o X >
< N o »
O S o
b S & 3
) 80 4 i
[ _]DGF
70 1] Fmax|
60
50
z
® 40
1<
o
L 30
20 4
"LH il B
0 T Q_ T T T Q‘ T T
@ 0}“ 07 (©) 07 Q?'
& § § & § §
@0 « & N « &
D O o N3 O &
& & S A &
ox (©) o<
o ) o 0
% N

Fig.6 Average forces, i.e., DGF, and F,.x, Nneeded 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™™, (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 F,,,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 SEM images 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
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Fig. 8 Fibroblasts viability tests on extracts. Statistical significance
***kp < 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_L

5MC/3.5AGR

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,7 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

LN-18 cells after 3 days

‘

1

‘

1

‘

‘
10x 20x

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

5MC/3.5AGR

5MC/3.5AGR/L/F/L 5SMC/3.5AGR/L/F 5MC/3.5AGR/F 5MC/3.5AGR/L

10x 20x
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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,,x were different, the higher injec-
tion rate resulted in higher DGF and Fp,,c. The results were
consistent with the literature reports, ie. ref. 50, showing that
the slower injection rate could overcome difficulties caused by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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large aggregates during hydrogel extrusion, resulting in reduc-
tion of injection force.

Our results clearly documented an increase of the Fp,, 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
Finax, 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 F,,y
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, i.e., 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.

1900 | RSC Adv, 2023, 13, 1889-11902

View Article Online

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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