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Purpose: Several scaffolds and cell sources are being investigated for cartilage regenera-
tion. The aim of the study was to prepare nanocellulose-based thermosensitive injectable
hydrogel scaffolds and assess their potential as 3D scaffolds allowing the chondrogenic
differentiation of embedded human dental pulp stem and progenitor cells (hDPSCs).
Materials and Methods: The hydrogel-forming solutions were prepared by adding B-
glycerophosphate (GP) to chitosan (CS) at different ratios. Nanocellulose (NC) suspension
was produced from hemp hurd then added dropwise to the CS/GP mixture. In vitro character-
ization of the prepared hydrogels involved optimizing gelation and degradation time, mass-
swelling ratio, and rheological properties. The hydrogel with optimal characteristics, NC-CS
/GP-21, was selected for further investigation including assessment of biocompatibility. The
chondrogenesis ability of hDPSCs embedded in NC-CS/GP-21 hydrogel was investigated
in vitro and compared to that of bone marrow-derived mesenchymal stem cells (BMSCs),
then was confirmed in vivo in 12 adult Sprague Dawley rats.

Results: The selected hydrogel showed stability in culture media, had a gelation time of 2.8
minutes, showed a highly porous microstructure by scanning electron microscope, and was
morphologically intact in vivo for 14 days after injection. Histological and immunohisto-
chemical analyses and real-time PCR confirmed the chondrogenesis ability of hDPSCs
embedded in NC-CS/GP-21 hydrogel.

Conclusion: Our results suggest that nanocellulose—chitosan thermosensitive hydrogel is
a biocompatible, injectable, mechanically stable and slowly degradable scaffold. hDPSCs
embedded in NC-CS/GP-21 hydrogel is a promising, minimally invasive, stem cell-based
strategy for cartilage regeneration.

Keywords: tissue regeneration, cartilage, scaffolds, stem cells, nanocellulose, chitosan,
hydrogel

Introduction

Trauma or arthritic changes in the temporomandibular joint (TMJ) may lead to
advanced forms of temporomandibular disorders (TMD), leaving patients with pain
and disabilities that can negatively affect their quality of life. The treatment of the
advanced stages of arthritis is challenging due to the limited blood supply of the
TMJ, its inadequate capability for self-repair and the complexity associated with
regenerating the osteochondral interface. Several scaffolds and cell sources are
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currently being investigated for the possibility of tissue
regeneration of the TMJ. It is well known that autogenic
cells are the ideal cell source for tissue regeneration.’
Although identified as
a potential cell source for cartilage repair upon using the

chondrocytes have been
autologous transplantation techniques, several shortcom-
ings have been reported which might limit their use such
as their instability in monolayer culture, the donor site
morbidity, insufficient cell number and limited capability
for intrinsic repair.? For these reasons, progenitor and stem
cells have gained publicity for condylar cartilage engineer-
ing. Human umbilical cord mesenchymal stromal cells
(hUCMSCs) are an alternative cell source for cartilage
tissue engineering as they divide faster and produce more
matrix when compared to condylar cartilage cells in vitro.
On comparing hUCMSCs to bone marrow-derived
mesenchymal stem cells (BMSCs) which are considered
the standard stem cell source, the later produced more
intense collagen type II staining, while the former pro-
duced more type I collagen and aggrecan in a 3D matrix.*
Adipose-derived stem cells also show characteristics of
multipotent adult stem cells and have shown the ability
to synthesize cartilage-specific matrix proteins, thus are
regarded as a promising cell source for cartilage regenera-
tion as well.” However, the harvesting of all the previous
types of stem cells requires invasive methods. Human
dental pulp stem cells are neural crest-derived stem cells,
which are obtained from the pulp of human teeth, inter-
mingled with progenitor cells. hDPSCs are obtained non-
invasively from extracted teeth that are often extracted for
other reasons, and thus avoiding several ethical issues.
hDPSCs have been reported to have high self-renewal
capacity and immunomodulatory capability and are con-
sidered a potential cell source for joint cartilage tissue
regeneration if delivered in a suitable scaffold.®

The presence of a scaffold at the defect area is critical to
the process of cartilage regeneration, as it provides mechan-
ical support to the cells and regenerated tissues. Hydrogel-
based scaffolds have gained popularity because of their
resemblance to the natural cartilage surroundings due to
their high water content. The main advantage of a hydrogel
scaffold is the possibility of being injected into the defect
area, which avoids the need for any invasive surgery.”® NC is
a natural material with unique characteristics. These unique
features include lack of toxicity, biocompatibility, biodegrad-
ability, superior rheological properties and mechanical rein-
forcement. Thus, nanocellulose qualifies to be considered as
an optimum material for tissue engineering applications.’

CS is a natural biodegradable linear amino-
polysaccharide derived from crustacean shells and widely
used in drug delivery and tissue engineering.'®'" GP is
a natural body component used as a source of phosphate as
well as in the treatment of phosphate metabolism disorders. '
Mixing CS and GP in aqueous media results in stimulus-
responsive in situ forming gels which are produced due to
of pH-
interactions.'> At temperatures below the critical solution
temperature (CST) of CS, the addition of GP neutralizes

the amino group on the polymer chains lowering the electro-

a combination and temperature-dependent

static repulsion between adjacent chains and forming pH-
induced gel. However, the hydroxyl groups on GP molecules
attached to protonated amine groups (-NH; ") due to electro-
static attraction increase stability and hydrophilicity of the
CS chains and maintain their solubility in aqueous media.
Further increase in temperature above CST results in dehy-
dration of the CS chains and reduction of their charge density
as well as their attraction to GP. Those changes lead to an
increase in interchain hydrophobic interactions and hydro-
gen-bonding and formation of hydrogels.'*'> This can be
adjusted to occur at body temperature and at reasonable time
frames through modifying the respective proportions of the
ingredients.'® This hydrogel scaffold offers a biocompatible
and biodegradable platform for various biomedical applica-
tions in controlled drug delivery and tissue engineering.'”"'®

The aim of the present study was to prepare nanocel-
lulose-based thermosensitive injectable hydrogel scaffolds,
determine their physical properties and assess their poten-
tial as 3D scaffolds that allow the chondrogenic differen-
tiation of embedded hDPSCs, and compare it to the
chondrogenic differentiation of BMSCs.

Materials and Methods
Establishment of hDPSC and BMSC Cell

Lines

Two stem cell sources were used in this study, namely
hDPSCs obtained from primary culture and established
BMSC cell line. All experiments were done observing the
national guidelines for working with human materials. The
investigations were carried out following the rules of the
Declaration of Helsinki of 1975, revised in 2013. The
Research Ethics Committee at the University of Sharjah
approved the procedure and the experimental protocol
(REC/16/04/30). The isolation of ZDPSCs involved the col-
lection of non-carious impacted third molar teeth following
extraction from young adults (20-23 years of age). All
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patients were informed of the aim of the study, and they
signed a formal written consent before participation. Each
extracted molar was cleaned and immediately immersed in
minimum essential medium (a-MEM) with 0.5 mg/mL of
gentamicin and 3 mg/mL of amphotericin B (Gibco BRL,
Life Technologies B.V. Breda, The Netherlands). A cut was
made around the cementum-enamel junction using a high-
speed bur to expose the pulp chamber, and then the pulp was
extracted. The coronary pulp was then ground and digested in
a solution of 3 mg/mL collagenase/dispase (Roche, Basel,
Switzerland) for 1 hour at 37°C. Single-cell suspensions
were obtained by passing the cells through a 70-mm Falcon
Cell Strainer (Fisher Scientific, MA, USA). The released
hDPSCs were seeded into 12-well plates with a-MEM sup-
plemented with FBS, 100 pg/mL L-ascorbic acid 2-phos-
phate (Wako Pure Chemicals, Osaka, Japan) 2 ug/mL
L-glutamine, 100 units/mL penicillin, 100 pg/mL streptomy-
cin (Biofluids, Rockville, MD, USA), and then incubated at
37°C in 5% CO,.

The established BMSCs cell line was obtained from
Lonza (Walkersville, MD, USA). BMSCs were cultured in
mesenchymal stem cell basal medium supplemented with
mesenchymal cell growth supplement (Cambrex Bio
Science, Verviers, Belgium), L-glutamine (Gibco BRL,
Life Technologies B.V. Breda, The Netherlands), and anti-
biotics  (penicillin/streptomycin; Gibco BRL, Life
Technologies B.V. Breda, The Netherlands), and incubated
at 37°C in a 5% CO, atmosphere. For all experiments,
equivalent third passages of both cell types were used.

To examine phenotype, both cell types were analyzed by
flow cytometry using commonly reported cell-surface mar-
kers. For each cell type, single-cell suspension at
a concentration of 1x10%100uL in 1x phosphate buffer
saline (PBS) (pH 7.4) was obtained and stained with
CD44, CD90, CD106 positive markers and with CD45
and CD11b negative markers. Flow cytometry was done
using BD FACSAria III sorter (BD Biosciences, CA, USA).

Nanocellulose—Chitosan Hydrogel

Preparation

Nanocellulose was produced from hemp hurd. An amount
of 5 g of hemp hurd was dewaxed by stirring in acetone/
water 9:1 (180 mL acetone: 20 mL H,0O) for 24 hours. The
mixture was then vacuum filtered and washed 4 times with
500 mL of reverse osmosis (RO) water. The fibers were
stirred in 200 mL HCI (pH 4.5) with 3.5g sodium chlorite
(NaClO,) for 5 cycles of 1.5 hours each. The fibers were

then washed, then treated in water in a high-speed blender,
then stored at 4°C. In 1 litre of water, the blended fibres
were treated with 0.5g sodium bromide (NaBr), 0.08g of
TEMPO (2,2,6,6-tetra-methylpiperidine-1-oxyl radical)
and 132.5 mL of sodium hypochlorite (NaClO). The mix-
ture was stirred at room temperature and the pH was kept
at or above pH 10 with 0.5 M sodium hydroxide (NaOH).
The product was then filtered and washed then freeze-
dried. CS (medium molecular weight, 70—85% deacetyla-
tion, Sigma Aldrich, St. Louis, MO, USA) was dissolved
in 0.1M reagent grade acetic acid (Merck, Darmstadt,
Germany) at room temperature and the resulting solution
was then sterilized by autoclaving at 121°C. A 50% (w/v)
GP (glycerol-2-phosphate salt hydrate, Sigma Aldrich,
St. Louis, MO, USA) aqueous solution was prepared
using distilled water, sterilized by filtration using Millex
syringe driven 0.22-mm filter units (Millipore, MA, USA),
and kept at 4°C. Both solutions were chilled on ice under
aseptic conditions and continuous stirring for 10 minutes
before mixing. The hydrogel-forming solutions were pre-
pared by adding GP aqueous solutions to the CS solution
in acetic acid dropwise at different ratios then stored at
4°C for further characterization to prevent premature gela-
tion. Cellulose nanofibers were dispersed in water at 3%
w/v using a magnet stirrer at medium speed for 30 min-
utes. The resulting nanocellulose suspension was then
added dropwise to the CS/GP mixture in a cold beaker
and the resulting mixtures were stored at 4°C for further
use (Table 1).

In vitro Characterization of the Prepared
Hydrogels

The stability of the hydrogel scaffolds in culture media
was determined by incubation of 1 mL of the prepared
solution for 1 hour at 37°C to allow complete gelation.
The weight of formed hydrogel was recorded followed by
addition of 2 mL Chondromax differentiation media
(Sigma, St. Louis, MO, USA) and incubation at 37°C

Table I The Composition of Different Hydrogel Formulae

International Journal of Nanomedicine 2020:15

Formula Ratio wiw NC
/mL

cs GP (mg/mL)
CS/GP-11 | 25
CS/GP-21 2 25
CS/GP-31 3 25 -
NC-CS/GP-21 2 25 4
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under 5% CO,. Changes in the weight of the hydrogels
were measured over 14 days and normalized to their initial
values before degradation. All the experiments were done
in triplicate under sterile condition to prevent bacterial and
fungal contamination. The time required for gel formation
was determined using the tube inversion method.'” Briefly,
glass vials containing 2 mL of the hydrogel were incu-
bated in a water bath at 37°C and the flowability of the
solutions was examined every 20 seconds by inverting the
vials. The time required to form a gel that did not flow
within 5 seconds following vial inversion was recorded.
All measurements were done in triplicate, and the average
gelation time was calculated for each sample.

In order to determine the mass-swelling ratio (Qm)
equal volumes of hydrogel-forming solutions were incu-
bated at 37°C for 24 hours. The formed gels were gently
blotted dry to remove excess solvent, and then weighed to
obtain the wet weight (Mw). The hydrogels were then
transferred to a —80°C freezer for 8 hours then freeze
dried using lyophilizer (Vir Tis Bench Top Pro, SP
Scientific, PA, USA) for 24 hours at —50°C and
a pressure of 7 x 1072 mbar and their dry weight (Md)
was determined. The mass-swelling ratio (Qm) was deter-
mined by calculating the ratio of wet weight to dry weight
(Mw/Md). The measurements were performed in triplicate
and the mass-swelling ratio for each gel preparation was
recorded.

Scanning Electron Microscope (SEM)

The shape and surface morphology of the hydrogel in
presence and absence of NC were observed by field emis-
sion scanning electron microscope (JSM-6330F; JEOL,
Tokyo, Japan). The prepared hydrogel was kept at —80°C
for 6 hours followed by lyophilization as described above.
The dry samples were fixed with conductive tape on
a metal stub, sputter-coated with a Gold-Palladium (80—
20%) target using Mini Sputter Coater (SC7620, Quorum
Technologies, East Sussex, UK) and examined at a 15 kV
accelerating voltage with a working distance of 17 mm.

Rheological Measurements

The rheological properties of hydrogel formulae contain-
ing CS to GP at 2:25 (w/w) ratio with and without NC
were measured using Brookfield rotational viscometer
(DV3T) (AMETEK Brookfield, MA, USA). Spindle num-
ber (SC-27) was used for all tested gel specimens.
Following the manufacturer guidelines, the size of the
tested specimen was calculated to be 15 mL using the

aforementioned spindle size and the standard viscometer
tube (HT-2). The change in viscosity behavior of the
hydrogel over a temperature range of 25°C to 37°C
every 1°C using a constant shear rate of 6.8/second (20
RPM) was determined. The effect of shear rate on the
viscosity of the prepared injectable formula was also mea-
sured over a shear rate range of 2/second to 25/second at
a fixed temperature of 25°C.

Cell Viability

Cultured BMSCs and hDPSCs were washed with PBS and
then trypsinized using 0.5% trypsin EDTA solution
St. Louis, MO, USA) then centrifuged at
1500 rpm for 5 minutes. The supernatant was removed,

(Sigma,

and cells were suspended in complete medium and 1x10°
cells in 100 pL medium were acquired. The cells were
then mixed with NC-CS/GP-21 hydrogel then 50 pL of the
mixture were added to a 96-well plate (2 x 10* cells/well).
For cells outside the hydrogel and negative control group,
50 pL of each were added directly to 96-well plates. All
plates were then incubated at 37°C in 5% CO,. After 2
hours of incubation, 100 pL of growth medium was added
into the wells, and then cells were incubated at 37°C in 5%
CO, for 21 days. Cell viability was detected using Cell
Proliferation Kit II (Sigma, St. Louis, MO, USA) accord-
ing to the manufacturer’s instructions. Absorbance was
measured using a spectrophotometer at 490 nm with
a reference wavelength at 650 nm. Experiments were
carried out in four replicates and repeated twice before
calculating the average viability.

Chondrogenic Differentiation Induction

BMSCs and hDPSCs were detached from culture plates
using 0.5% trypsin EDTA solution (Sigma, St. Louis, MO,
USA) and centrifuged at 1500 rpm for 5 minutes. For each
cell type, 2 x 10° cells/mL were cultured in 6 well plate
using human mesenchymal stem cell medium (Lonza,
Walkersville, MD, USA) for 12 hours. The culture media
was then replaced with Chondromax differentiation media
(Sigma, St. Louis, MO, USA) for chondrogenic differen-
tiation group, and with standard complete medium for
control group. The cells were mixed with NC-CS/GP-21
hydrogel and 400 pL of the mixture were placed in 24
well, 0.4 um pore size, transwell inserts and were then
incubated at 37°C in 5% CO, for 2 hours. Five hundred
microlitres of Chondromax differentiation medium was
added for the chondrogenic differentiation group and
500 pL of standard complete medium was added for the
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control group and the cells with hydrogels were incubated
at 37°C in 5% CO, for 21 days. The medium for all groups
was changed every 3 days during the culture period.

In vivo Implantation

Animal ethics approval was obtained from Suez Canal
University Animal Ethics Committee with reference number
4187. All experiments were done following the ethical
guidelines by the International Council for Laboratory
Animal Science (ICLAS). Twelve adult male Sprague
Dawley rats with an average weight of 200 g which were
age-matched were used for the in vivo study. Sterilization of
the injected hydrogels was obtained by autoclaving the CS
solutions at 121°C for 10 minutes, filtration of NC and GP
solutions, and sterile preparations of the hydrogel. General
anesthesia was achieved using intramuscular injections of
ketamine hydrochloride (50 mg/kg) and xylazine (5 mg/kg),
followed by maintained inhalation of isofluorane. The ani-
mals' coat on the back was shaved and cleaned with povi-
done—iodine. Dorsal-subcutaneous injections were done
using hypodermic syringes with 22-gauge needles, where
each injection was 0.2 mL in volume (Figure 1A). The NC-
CS/GP-21 hydrogel with embedded AZDPSCs, prepared as
described in the chondrogenic differentiation group, was
injected using the dorsal-subcutaneous approach in 9 rats.
Approximately 4.0 x 10° cells were mixed with 2.0 mL of
the hydrogel to be used for the in vivo implantation. Three
rats were injected with hydrogel with no embedded cells to
act as controls. Animals in both groups were housed in
standard cages and fed with fixed formulation diet for
laboratory rats fortified with vitamins and minerals. They
were carefully monitored for daily activity and the injection

Figure | (A) Dorsal-subcutaneous injection of 0.2 mL of hDPSCs-laden NC-CS
/GP-21 hydrogel. (B) Gel-implants with original bean-like shapes that remained
quite morphologically intact for 14 days.

sites were inspected for signs of wound infection.
Euthanasia was performed using an intravenous overdose
of pentobarbital. The control animals were sacrificed after
21 days, whereas the animals injected with the hDPSCs-
embedded hydrogel constructs were sacrificed at 7, 14 and
21 days. Blocks of tissue comprising skin and subcutaneous
tissue, 10 mm by 10 mm in size, around the injection sites
were excised using a surgical scalpel blade. Standard fixa-
tion techniques as described above were employed and all
constructs were cut into 3 pm sections for histological and
immunohistochemistry analysis.

Histochemistry and Immunohistochemistry
The chondrogenesis ability of hDPSCs embedded in NC-
CS/GP-21 hydrogel was investigated in vitro and com-
pared to that of BMSCs, then was confirmed in vivo.
Approximately, 2 x 10° of hDPSCs, and equal quantity
of BMSCs, were mixed with 4.0 mL of the hydrogel and
400 uL of the mixture were placed in a 24-well plate. The
hydrogel constructs with embedded BMSCs and hDPSCs
from the chondrogenic differentiation group and control
group, as well as the tissue samples obtained at 7, 14 and
21 days were fixed overnight in PBS buffered 4% paraf-
ormaldehyde (pH 7.4), then dehydrated through a series of
ethanol infiltrated with xylene and embedded in paraffin.
All constructs were cut into 3 um sections. The slides were
baked on a hot plate at 62°C for 30 minutes, followed by
deparaffinisation and rehydration, then samples were
stained with haematoxylin and eosin (H&E) to evaluate
cell morphology.

For immunohistochemical analyses, anti-collagen II
antibody (PAS5-99159) (Thermo Fisher Scientific, MA,
USA) was used to examine the expression of collagen II
in vitro in the hydrogel constructs with embedded BMSCs
and hDPSCs from the chondrogenic differentiation group
and control group, and in tissue samples obtained at 7, 14
and 21 days following the in vivo injections. The 5-um
paraffin embedded sections were deparaffinised then trea-
ted by 0.3% H,O, for 20 minutes then incubated with 100
puL of 1:100 diluted anti-collagen II antibody overnight at
4°C. The sections were then washed by PBS and incubated
with Dako EnVision System- HRP (Abcam, Cambridge,
UK) for 20 minutes then incubated with diaminobenzidine
(DAB) for 15 minutes then washed by PBS and dehy-
drated for microscopic examination. Six non-overlapping
fields were randomly selected per tissue section of each
sample for the semi-quantitative analysis of immunohisto-
chemical expression levels. Analyzed data were obtained
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using the Leica application module for histological analy-
sis microscopic imaging system at a magnification of 400x
(Leica Microsystems, Wetzlar, Germany).

RNA Isolation, cDNA Synthesis and

Real-Time PCR

BMSCs and hDPSCs in NC-CS/GP-21 hydrogel (2 x 10°
cells/4.0mL) were incubated at 37°C in 5% CO, for 21
days after adding 500 pL of Chondromax differentiation
medium for the differentiation group and 500 pL of stan-
dard complete medium for the control group. The medium
of all groups was changed every 3 days during the culture
period. After 21 days, the hydrogels were frozen in liquid
nitrogen and minced using a mortar pestle. The total RNA
was extracted using GenElute Universal Total RNA
Purification Kit (Sigma, St. Louis, MO, USA) following
the manufacturer’s instructions. Then, 500 ng of total
RNA was reverse transcribed into first-strand cDNA
using the High-Capacity ¢cDNA Reverse Transcription
Kit (Fisher Scientific, MA, USA) following the manufac-
turer’s instructions. Quantitative real-time PCR was then
performed using the TagMan Gene Expression Master Mix
(Fisher Scientific, MA, USA). The sequences of probes
used to assess the expression of aggrecan, type X collagen
and collagen II were the TagMan gene expression assay,
cat no: Hs01048719 gl, the TagMan gene expression
assay, cat no:Hs00166657 ml, and the TagMan gene
expression assay, cat no: Hs00264051 ml (Thermo
Fisher Scientific, MA, USA) respectively. All real-time
PCR reactions were performed in triplicates and Cq values
were averaged. ACq were calculated for the target genes
(aggrecan, type X collagen and collagen II) with house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase.
Relative gene expression (2*-A ACq) was calculated for
chondrogenic differentiated cells with non-differentiated
cells as control.

Statistical Analysis

Data analysis was performed using the Statistical Package
for Social Sciences (SPSS) version 16.0 (SPSS Inc.,
Chicago, IL, USA). All experiments were conducted at
least three times. Data were expressed as mean =+ standard
deviation (SD). Normality test for the quantitative analysis
of immunohistochemistry showed the data were normally
distributed. One-way ANOVA was used to analyze the
quantitative immunohistochemistry results at different
time points. Independent samples ¢-test was used to

compare the means of independent groups. P-values of
<0.05 were considered statistically significant.

Results
Immunophenotypic Analyses of BMSCs
and hDPSCs

The released #DPSCs isolated from extracted third molars
and the established BMSC cell lines were expanded by
culture. Flow cytometry analyses showed that both
hDPSCs and BMSCs expressed CD44, CD90 and CD106
surface markers, and did not express CD11b and CD45

surface markers.

Preparation and Characterization of
Hydrogels

At room temperature, CS/GP hydrogels with and without
NC were colorless transparent liquids that underwent
a sol-to-gel transition at physiological temperature (37°C)
where they formed turbid non-flowing hydrogels. The
hydrogel degradation was measured in terms of percentage
weight loss after incubation in culture media (Figure 2A).
The hydrogels showed an increase in the weight loss as
a function of time. The results showed that the degradation
was affected by the composition of the hydrogel where
CS/GP-11 scaffolds prepared using CS to GP at 1:25 w/w
ratio lost more than 25% of their weight within 3 days and
disintegrated into small fragments in the culture media.
CS/GP-21 and CS/GP-31 with CS to GP w/w ratio of 2:25
and 3:25 respectively showed better stability in the culture
media and kept the integrity up to 7 days before crumbling
into small gel fragments. Accordingly, NC was added to
mixtures containing CS to GP w/w ratio of 2:25 as they
showed good stability and contained less CS hence
expected to be more biocompatible. The addition of NC
increased the stability of the hydrogels in culture media for
more than 14 days.

Gelation onset and completion values were measured
at 37°C for all hydrogels. The gelation time for CS/GP
scaffolds was found to be in the range of 1.8-5.5 minutes
and was significantly affected by the ratio of CS to GP
(Figure 2B). Increasing the concentration of CS resulted in
faster gelation. The addition of NC to mixtures of CS/GP
at 2:25 w/w ratio slightly decreased its gelation time to 2.8
minutes at pH 7.4. The results of hydrogel swelling in
aqueous solution showed an increase in swelling upon
increasing the CS to GP ratio (Figure 2C).
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Figure 2 Characterization of the hydrogel scaffolds. (A) Gel degradation after incubation in culture media at 37°C and 5% CO,, Data points are mean * SD (n = 3). (B)
Time required for gelation after incubation at 37°C, Data points are mean % SD (n = 3). (C) Determination of Qm, Data points are mean * SD (n = 3). (D) SEM micrographs

showing the porous structure of CS/GP-21 and NC-CS/GP-21.

SEM was used to evaluate the pore architecture in the
prepared hydrogel. The obtained micrographs for both CS/
GP and NC-CS/GP-21 scaffolds
a diversified, highly porous microstructure with pore size
in the range of 100-400 um. The structures of both scaf-
folds were also distinguished by their surface irregularities

hydrogel showed

and a high degree of interconnectivity (Figure 2D).

Rheological Measurements

The determination of the rheological properties of the
prepared injectable solutions showed that NC-CS/GP-21
had a higher baseline viscosity at 25°C. The viscosity of
CS/GP-21 and NC-CS/GP-21 decreased as the shear rate
increased. The viscosity dropped dramatically at the begin-
ning before starting to stabilize between 15/second and 20/
second with almost no change between 20/second and 25/
second shear rates (Figure 3A). Both tested formulation
specimens showed steady viscosity levels at temperatures
below 31°C before showing a noticeable gradual increase
in their viscosity (Figure 3B).

Cell Viability

The quantitative evaluation of the percentage of living
cells in NC-CS/GP-21 hydrogel showed an average of 85

+6.5% viable BMSCs after 21 days, whereas the percen-
tage of viable hDPSCs was 75+4.9%. The difference
between the mean values of the percentage of living
hDPSCs and BMSCs was not significant (P>0.05). Cells
outside the hydrogel revealed 95+4.3% viability whereas
the negative control showed 8+1.2% viability.

In vivo Implantation

The NC-CS/GP-21 hydrogel with embedded hDPSCs was
easily injected using a dorsal-subcutaneous approach. All
animals were healthy and active till the end of the experi-
ment. The needle puncture wounds resulting from the
injection of the ZDPSCs-NC-CS/GP-21 construct healed
within the first 24 hours following the procedure. Daily
observation showed an acute inflamed skin at the implan-
tation site during the first week. The inflammatory process
resolved rapidly by the tenth post-implantation day. There
were no signs of acute allergic reaction following the
implantation. The subcutaneous implants acquired bean-
like shapes and remained quite morphologically intact
when surgically retrieved at 7 and14 days and gradually
decreased in size till 21 days (Figure 1B). There was no
migration of the gel implants and the implanted sites were
free from granulomatous tissues.
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Figure 3 Viscosity behavior of () NC-CS/GP-21 and (A) CS/GP-21 hydrogels upon (A) increasing the shear rate (at constant temperature 25°C) and (B) increasing the

temperature (at shear rate of 6.8/sec).

Histological and Immunohistochemical
Analyses of Chondrogenesis in

Nanocellulose—Chitosan Hydrogel
H&E staining revealed that both types of cells in the
chondrogenic differentiation group were rounded, sepa-
rated by abundant extracellular matrix, and showed chon-
drocyte-like morphology. However, most cells in the
control group showed a fibroblast-like morphology.
Tissue samples at 7 days showed polymorphonuclear
inflammatory cell infiltrates accompanied by significant
fibroblastic activity and newly formed collagen fibers. At
14 days, there was a significant reduction in the inflam-
matory reaction with higher fibroblastic activity and more
collagen fibers deposition. The formation of eosinophilic
matrix resembling cartilage tissue was found accompanied
by dilated and congested subcutaneous blood vessels. At
21 days, samples showed almost complete lysis of the
injected biomaterial and replacement with granulation tis-
sue with higher fibroblastic activity. More collagen fiber
deposition was detected accompanied by dilated and con-
gested subcutaneous blood vessels (Figure 4). For the
in vitro studies, the chondrogenic differentiation of both
types of cells was also confirmed by the strong staining for
chondrocyte-specific protein; collagen II by immunohisto-
chemistry, whereas the staining was much weaker in the
control group. Tissue samples from the in vivo studies
showed positive staining for collagen II, compared to
weak staining for the control (Figure 5).

The semi-quantitative analysis of the immunohisto-
chemical expression levels showed a highly significant
increase at 7 days, 14 days and 21 days, respectively

(P<0.001) (Table 2). The difference between the mean
values of the immunohistochemical expression levels at

21 days compared to control was highly significant
(P<0.001).

Real-Time PCR

Real-time PCR was used to evaluate the expression of
aggrecan, type X collagen and collagen II. Hydrogel-
embedded BMSCs and hDPSCs cultured in chondrogenic
media for 3 weeks were investigated. Cells maintained in
standard complete media were used as negative control.
Quantitative analysis showed that the expression of aggre-
can, type X collagen and collagen II was significantly
higher in cells cultured in chondrogenic media when com-
pared to control cells. The highest gene expression was
detected on day 21. The difference between the gene
expression for BMSCs and hDPSCs was not significant
(P>0.05) (Figure 6). The results for real-time PCR were
consistent with the results obtained by the immunohisto-
chemistry analysis.

Discussion

Tissue engineering furnishes new opportunities for the
regeneration of damaged and degenerated TMJ cartilages
and can be extremely valuable with the increasing inci-
dence of TMD. Till the moment, no surgical approach has
been able to replicate the biological and mechanical prop-
erties of the original cartilage. Because of the distinctive
nature of the TMJ, and the uniqueness of the loading
patterns inside that joint, the regeneration of the original
damaged tissues would be the optimum solution for mana-
ging advanced forms of TMD.?>?' The choice of an
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Figure 4 H&E staining showing the in vitro chondrogenic differentiation of BMSCs (A), and of hDPSCs (B) in the NC-CS/GP-21 hydrogel. H&E staining for in vivo tissue
samples obtained at 7 days showing subcutaneous eosinophilic-injected biomaterial (arrow head) surrounded by abundant polymorphonuclear inflammatory cells infiltrates
(C), significant fibroblastic activity and newly formed collagen fibers (arrow) (D). At 14 days, there was a significant reduction in the inflammatory reaction with reduced
mononuclear inflammatory cells infiltration with higher fibroblastic activity and more collagen fibers deposition (arrow) (E). At 21 days, samples showed granulation tissue
with higher fibroblastic activity. More collagen fiber deposition (arrow) was detected accompanied by dilated and congested subcutaneous blood vessels (star) (F).

optimal cell source and scaffold is of prime importance for
the success of cartilage regeneration. Hydrogel-based scaf-
folds have recently gained popularity for cartilage engi-
neering procedures due to their closeness to the natural
cartilage medium. The high water content in a hydrogel
makes it similar to the natural cartilage environment and
allows the influx of solutes and nutrients into the cells, and
the outflow of the waste products from the hydrogel.
Moreover, hydrogel scaffolds encapsulate the cells main-
taining their viability. The liquid nature of thermosensitive
hydrogels, which change to gel state at body temperature,
makes it possible for the hydrogel to be injected into the
defective area, avoiding the need for invasive surgery and
reducing patients’ morbidity. Injectable hydrogels can
reach deep tissue defects, adapt well to the margins, and

completely fill the defect, even if it is irregular in shape,
leading to neovascularization.?

Nanocellulose is the nanoscaled form of cellulose; the
earliest polymer on earth. The exceptional physical, che-
mical and biological properties of nanocellulose allow its
use in various biomedical applications. Among these bio-
medical applications are drug delivery,”*** blood vessel
and cartilage

replacement,”>  ligaments, meniscus

2627 antimicrobial nanomaterial,”® and tissue

replacements,
repair, regeneration and healing.”*° Nanocellulose pro-
vides an optimum environment for cell-based regeneration
applications, attributed to its biocompatibility and mechan-
ical properties, allowing for cell attachment and
proliferation,>’ and its slow biodegradation which is

a favorable property for use in tissue regeneration.’” The
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Figure 5 Immunohistochemical analysis of the in vitro expression of collagen Il in the NC-CS/GP-21 hydrogel-embedded BMSCs and hDPSCs after 3 weeks of cultivation.
The analysis of expression of collagen Il with hDPSCs in chondrogenic medium (A), and in standard complete medium (control) (B), and the expression of collagen Il with
BMSCs in chondrogenic medium (C), and in standard complete medium (control) (D). Immunohistochemical analysis of the in vivo tissue samples showed positive staining
for collagen Il at 7 days (E), at 14 days (F), at 21 days (G), and weak staining for the control group (H).

integrity of the thermosensitive hydrogel after injection in  Application of CS/GP hydrogels can be limited by their
the desired site of action is essential to prevent infiltration = low mechanical strength, fast degradation and loss of
of the cell load from the scaffold to neighboring tissues.  spatial support,®> whereas the combination of NC with
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Table 2 Semi-Quantitative Analysis of the Immunohistochemical Expression Levels for Tissue Samples
Number | Mean | Standard Deviation | Standard Error | 95% Confidence Interval for Mean F P value
Lower Bound Upper Bound
7 days 13.82 1.24 0.51 12.52 15.12 188.86 | <0.001*
14 days 25.62 1.86 0.76 23.66 27.57
2| days 29.78 1.24 0.50 28.49 31.08

Note: * Highly statistically significant.

CS has been attempted to improve the latter’s biocompat-
ibility, biodegradation and mechanical properties.** In the
present study, the CS/GP-21 and CS/GP-31 hydrogel for-
mulas with CS to GP w/w ratio of 2:25 and 3:25 respec-
tively showed better stability and slower degradation in the
culture media and kept the integrity up to 7 days before
crumbling into small gel fragments. The addition of NC to
the CS/GP-21 formula increased the stability of the hydro-
gels in culture media for more than 14 days. The degrada-
tion of highly porous CS/GP hydrogels in aqueous
solutions occurs by bulk-erosion process which occurs
when the rate of water diffusion into the sample is much
faster than the hydrolysis reaction. The slower degradation
of hydrogels with higher CS to GP ratio, CS/GP-21 and
CS/GP-31 is in correlation with a previous study that
suggested that this may occur due to the increase in entan-
glement and physical cross-linking density in the
hydrogel.®> Similarly, the significant increase in the
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Figure 6 Relative gene expression of aggrecan (ACAN), collagen Il (COL2AI), and
type X collagen (COLI0ALI) by real-time PCR. Relative gene expression (2A-A ACt)
was calculated for chondrogenic-differentiated cells with non-differentiated cells as
control. The values were demonstrated by three independent experiments at each
time point, n = 3. (Ct = cycle threshold, A = delta, 2" = log2).

stability of the hydrogel containing NC in comparison
with CS/GP-21 containing a similar CS to GP ratio may
likely be due to the increase in cross-linking density and
lower weight loss which prolonged degradation endurance.
It may be also attributed to the adsorption of NC on the
surface of the hydrogel creating a protective coat that
consolidated the scaffold and slowed down its degradation.

Gelation properties are indicative of the time frame for
proper handling of thermosensitive hydrogel injection into
the joint.'® The gelation time for CS/GP scaffolds was
found to be in the range of 1.8-5.5 minutes and was
significantly affected by the ratio of CS to GP
(Figure 1B). Increasing the concentration of CS resulted
in faster gelation which may be due to an increased num-
ber of CS-CS chain entanglements.*® The addition of NC
to mixtures of CS/GP at 2:25 w/w ratio slightly decreased
its gelation time to 2.8 minutes at pH 7.4 which may be
due to the increase in the rate of polymer chain dehydra-
tion and the interaction between the polymer chains lead-
ing to faster gelation.

The results of hydrogel swelling in aqueous solution
showed an increase in swelling upon increasing the CS to
GP ratio. The swelling behavior of the hydrogel depends
on the intertwining, overlap and adsorption of the polymer
chains. In this process, water diffuses into the polymer
network, the hydrated polymer chains relax, and the poly-
mer scaffold expands. The higher the crosslinking extent
of a particular hydrogel is, the lower the extent of the gel
swelling. The swelling ability of hydrogels in biological
conditions allows the attachment and growth of cells,
diffusion of nutrients, making them very similar to natural
tissues. According to the gel degradation and gelation
time, NC-CS/GP-21 should exhibit a lower Qm as com-
pared to CS/GP-21 containing similar CS/GP ratio.
However, NC-CS/GP-21 showed a significant increase in
swelling which may be due to its high water absorbency
and water retention.”’

The obtained SEM micrographs for both CS/GP-21 and
NC-CS/GP-21 hydrogel scaffolds showed a diversified,
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highly porous microstructure with pore size in the range of
100—400 um. It was noticed that hydrogels containing NC
had a smoother surface which may be due to the formation of
thin NC coat adsorbed on the surface of the CS chains, with
no significant effect on the pore size and geometry. Materials
used for generation of the hydrogel scaffolds should mimic
the morphology and structure of extracellular matrix in the
native tissue to promote cell growth. The presence of pores in
the hydrogel scaffold is essential for effective 3D cell culture.
Pores are responsible for cell infiltration, new tissue
ingrowth, nutrient diffusion, vascularization and metabolic
waste elimination.®® Earlier studies showed that scaffolds
with average pore size around 300 nm can significantly
promote neovascularization, cell proliferation, chondrogenic
gene expression, cartilage-like matrix deposition, and result-
ing bulk compressive modulus after in vitro culture.**!
The rheological behavior of hydrogels is of great
importance, since it affects viscoelasticity, injectability,
tolerability, and in cell encapsulation. The decrease in
viscosity of the hydrogel solution with increasing shear
rate indicates shear-thinning behavior which is essential to
facilitate the injectability of the cell-laden thermosensitive
hydrogel solution. The increase in viscosity upon increas-
ing the temperature is due to the interaction between the
polymer chains resulting in the formation of a three-
dimensional structure.*? The higher viscosity showed by
NC-CS/GP-21 is an indication that the addition of NC
increased the rigidity of the hydrogel at 37°C which can
improve the mechanical strength of the scaffold required
during the differentiation of the stem cells. An important
factor to be considered in selecting a hydrogel scaffold for
their
a mechanically stable structure that can immobilize their

cartilage regeneration is ability to provide
load of stem cells for successful chondrogenesis. Along
with suitable injectability to use it in any geometrical-
shaped defect, gelation of a cell-laden thermosensitive
hydrogel should occur within a suitable time at physiolo-
gical temperature to prevent infiltration of its cell load into
surrounding tissues. Moreover, the gel exhibits a porous
structure that allows cell growth and an optimum swelling
behavior that allows permeation of nutrients and growth
factors essential for stem cell growth and differentiation.*®
The prepared NC-CS/GP-21 hydrogel can fulfill these
conditions. Our in vivo results confirmed our in vitro
findings and showed the morphological stability of the
NC-CS/GP-21 hydrogel with embedded hDPSCs for 21
days after subcutaneous injections. This can lead to reten-

tion at the site of injection allowing enough time to

achieve the desired effects. Cytotoxicity of the NC-CS
/GP-21 hydrogel was tested on both hDPSCs and
BMSCs for a period of 21 days and the results were
encouraging with a cell viable percentage of 75+4.9%
and 85+6.5%, respectively. Both types of stem cells were
used at passage 3 in the present study. The lower cell
viability demonstrated by hDPSCs could be attributed to
the fact that hDPSCs are considered relatively immature
and undifferentiated when compared to other types of stem
cells, as these cells are isolated from the dental pulp which
is regarded as an embryonic-like tissue. It has been
reported that hDPSCs reach the highest viability at passage
9, whereas several other adult stem cell types reach their
optimal viability at passages 3—6. Accordingly, these cells
require a prolonged adaptive period to reach optimal
viability.**

Selecting the appropriate cell source to be seeded into
an ideal biomaterial has always been a challenge in tissue
regeneration approaches. In this study, hDPSCs were suc-
cessfully isolated from adult wisdom teeth and expanded
in culture. The stemness of the isolated cell populations
was confirmed by the expression of CD44, CD90 and
CD106 and negative expression of CD11b and CD45 sur-
face markers. This immune-phenotypic analysis was com-
pared with that of BMSCs which produced similar results.
In addition to the privilege of obtaining hDPSCs non-
invasively, these neural crest-derived stem cells have
shown higher self-renewal capacity, immunomodulatory
capability, differentiation into several cell types both
in vitro and in vivo, and higher in vitro proliferation
when compared to other stem cells.*>™*” The immunomo-
dulatory capacity was demonstrated in this study by the
rapid resolution of the acute inflammatory reaction at the
surgical site following the implantation procedure as well
as the lack of infection. hDPSCs are isolated from
impacted third molar teeth which are often indicated for
extraction, and which contain the youngest pulp compared
to other teeth. Another potentiality of hDPSCs is their
ability to promote a high degree of vascularization,
which is critical for the process of regeneration.”® In the
present study, the chondrogenic differentiation potential of
hDPSCs in NC-CS/GP-21 hydrogel was proved using
histological and immunohistochemical analyses, and real-
time PCR and was shown to be similar to BMSCs which is
considered a standard cell source in tissue engineering.

The successful use of hDPSCs in various tissue regenera-
tion applications has been attributed to their capacity to
produce and secrete a wide array of cytokines and growth
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factors that play significant roles in the regeneration process,
and their ability to stimulate the differentiation of endogen-
ous stem cells at the site of their application.*” hDPSCs have
been reported to have higher angiogenic potential and higher
level of immunosuppressive activities compared to BMSCs.°
Also, it has been shown that hDPSCs release anti-
inflammatory molecules, resulting in tissue survival.’® In
the present study, both the in vitro and in vivo results con-
firmed the previous findings. Similar in vitro results were
reported for the chondrogenic differentiation of hDPSCs on
" and their

osteogenic differentiation in injectable thermo-sensitive chit-

the chitosan-xanthan porous matrix scaffolds,’

osan/b-glycerophosphate/hydroxyapatite hydrogel,”> and
poly (N-isopropylacrylamide) (PNIPAAm)-based copoly-
mer/graphene oxide composite hydrogel with different feed
ratios to chitosan.> In the present study, the 3D cell construct
was injected in the animal, and the host responded with an
immune response that demonstrated a positive impact on the
biomaterial microenvironment. This immune response was
in the form of an acute inflammatory reaction, which was
observed histologically as well as clinically, then resolved
quickly by the end of the first week. This response must have
attracted macrophages that, in parallel to hDPSCs, secreted
growth factors and cytokines which are expected to support
the regenerative activity. The use of nanofibrils to construct
a hydrogel scaffold that acts together with stem cells for
tissue regeneration is a cost-efficient strategy due mainly to
the availability of the required biomaterials and the ease of
production. However, the main challenge that might hinder
the translation to clinical settings remains the antigenicity of
the utilized cells and biomaterials that might trigger the
body’s immunogenic response.>* These obstacles have been
overcome in the present study, as the biocompatibility of the
construct has been proved in vitro as well as in vivo. Further
studies will be required to provide the intra-articular func-
tional evidence of the construct.

In summary, the proposed nanocellulose-based thermo-
sensitive hydrogels can be considered as viable scaffolds for
the in vitro and in vivo chondrogenesis of hDPSCs. Being
derived from natural components and prepared in an aqueous
environment conveyed unique characteristic properties to the
hydrogel scaffolds such as biocompatibility, biodegradability
and nontoxicity. In addition, they exhibited appropriate
mechanical strength and can fill the defects by a simple
in situ injection. The uniquely well-controlled physichochem-
ical and mechanical properties of the prepared hydrogel scaf-
folds are well positioned to satisfy the diverse biomaterial
requirements. This study adds to the array of translational

research that focuses on the production of promising scaffold
materials for specific soft-tissue engineering applications.

Conclusions

Nanocellulose—chitosan thermosensitive hydrogel is
a biocompatible, injectable, mechanically stable and
slowly degradable scaffold, which is suitable for cartilage
regeneration. hDPSCs embedded in NC-CS/GP-21 hydro-
gel showed a proliferative capacity similar to BMSCs,
while retaining the advantage of being isolated non-
invasively from extracted teeth. Our results suggest that
hDPSCs embedded in NC-CS/GP-21

a promising, minimally invasive, stem cell-based strategy

hydrogel is

for the regeneration of TMJ cartilage. Further studies are
required to verify whether the use of NC-CS/GP-21 hydro-
gel as a scaffold for autologous cell transplantation would
be an effective strategy for cartilage regeneration. An
optimum translational approach would involve the use of
a suitable scaffold to accommodate native cells allowing
the remodeling and regeneration of damaged cartilage.
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