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Chitosan nanogels enriched o

with granulocyte-macrophage
colony-stimulating growth factor promote
odontoblastic differentiation in human dental
pulp stem cells in vitro
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Abstract

Nanomaterials and regeneration-inducing microenvironments are key components of innovative regenerative
endodontic treatment (RET). This study aimed to assess the odontogenic potential of granulocyte-macrophage
colony-stimulating growth factor (GM-CSF) loaded chitosan nanogels (CNgs) on dental pulp stem cell (DPSCs) culture.
GM-CSF/CNgs were prepared through the ionic gelation method and then characterized with Fourier transform
infrared spectroscopy (FTIR), UV-visible spectrophotometry, dynamic light scattering (DLS), and zeta potential
devices. Acridine orange (AO) and 4,6-diamidino-2-phenylindole (DAPI) were used to evaluate cellular morphology
and viability. The odontogenic and osteogenic differentiation was determined by quantitative real-time reverse-tran-
scription PCR (qRT-PCR) and scanning electron microscopy (SEM). The physicochemical characterization confirmed
that the GM-CSF/CNgs were prepared. The loading efficiency was 82.9 + 2. Significant biocompatibility and no appar-
ent nuclear fragmentation upon exposure to GM-CSF/CNgs and CNgs were observed. Quantifying the expression

of dental pulp regeneration associated with genes including osteocalcin gene (OCN), dentin sialophosphoprotein
(DSPP), and dentin matrix protein 1 (DMP1) between GM-CSF/CNgs and control groups was significant (p <0.001).
Morphology of DPSCs in contact with GM-CSF/CsNgs demonstrated odontogenic differentiation. GM-CSF/CNgs pro-
moted a bioinspired drug delivery system (DDS) and induced dental pulp regeneration of DPSCs.
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Introduction

Regenerative endodontic treatments (RET) have been
employed to mitigate the limitations of conventional
apexification approaches for immature dental pulp
necrosis and prolonged survival of permanent teeth
[1]. Traditional RETs, including evoked-bleeding tech-
niques, are ineffective for an extended range of dental
diseases and often frustrating for clinicians and patients
[2]. The innovative RET strategies focus on harnessing
the nanomedicine potential to combine biomaterials,
drugs, endogenous stem cells, and regeneration-induc-
ing molecules to promote the repair, revascularization,
and survival of dental pulp tissue and prevent bacterial
infections. Thus, developing novel drug delivery systems
(DDSs) based on RET is one unavoidable milestone to
overcome the drawbacks [3, 4].

Nanomedicine, with the innovative design of natu-
ral nanostructures, revolutionized DDS products in the
RET area [5]. Several investigations presented chitosan
nanomaterial-based enhanced antimicrobial and osteo-
conductivity features [6—8]. Chitosan is constructed of
glucosamine and N-acetylglucosamine components, with
a significant resemblance to glycosaminoglycans (GAGs)
of the extracellular matrix (ECM). Moreover, chitosan
DDSs with unique properties such as biocompatibility,
biodegradability, sterilization, antimicrobial, and immu-
nomodulatory exhibit bioinspired microenvironments
for osteogenic and odontogenic differentiation of dental
pulp stem cells (DPSCs) [9-11]. When chitosan’s advan-
tages, combined with the unique features of nanogel
structure, miniaturized hydrogel, and promising DDSs,
were formed. In endodontics, chitosan nanogels (CNgs)
displayed tremendous antimicrobial functions against the
heterogeneity of fungi and bacterial strains [12, 13]. Fur-
thermore, CNgs could be enriched with growth factors,
drugs, and other revitalization agents, which required
augmenting the DPSCs differentiation process [14, 15].

DPSCs exhibit multipotent mesenchymal stem cell
properties with remarkable multi-lineage differentiation
[16]. The proliferating and differentiating abilities of mes-
enchymal stem cells (MSCs) are determined via innate
genetic programming, various immunoregulatory and
signalling pathways, and external stimuli. Particularly,
DPSCs with intrinsic properties could facilitate odonto-
blast replacement and dentin formation in injured dental
tissue. These cells could secrete paracrine molecules to
revitalize and revascularize necrotic tissue and promote
dental pulp repair [17, 18].

Many studies have found that using a variety of growth
factors and small molecules, such as vascular endothe-
lial growth factor (VEGF), transforming growth factor
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1 (TGE-B1), platelet-derived growth factor (PDGEF),
bone morphogenetic proteins (BMP-2), and a combina-
tion of several factors, to promote dental pulp regenera-
tion [19-22]. Among them, granulocyte—macrophage
colony-stimulating growth factor (GM-CSF) might be
bioinspired for total dental pulp regeneration [23]. GM-
CSE, also known as colony-stimulating factor 2 (CSF2),
is a hematopoietic cytokine that enhances the count and
function of leukocytes such as granulocytes, monocytes,
and neutrophils [24, 25]. Few studies displayed that GM-
CSF increased the blood supply of dental pulp tissue via
revascularization and decreased apoptosis and inflamma-
tion [23]. GM-CSF.

Enhances the differentiation potential and homing
ability of stem cells through ERK1/2- and/or PI3 K/Akt-
signaling pathways [26]. It can be actively secreted in
response to various injury signals and enhances the thera-
peutic capability of stem cells by promoting multi-lineage
differentiation and migration. Furthermore, the increased
expression of GM-CSF in the tissue fluid samples from
radicular cystic lesions [27]. GM-CSF production may
be closely related to an active state of inflammatory per-
iradicular disease. Previous studies showed that G-CSF,
as an inflammatory factor, mediated human periodontal
ligament stem cells (hPDLSCs) proliferation and osteo-
genic differentiation. Given GM-CSF’s ability to modu-
late the regenerative responses of stem cells, it may serve
as a novel inductive factor to enhance odontogenic dif-
ferentiation and the regenerative capacity of dental pulp
stem cells (DPSCs) [28]. Furthermore, slight cytotoxicity
was observed in the DPSCs culture treated with GM-CSF
[29]. GM-CSF has a short half-life (~6 h), which leads to
limited bioavailability and low stability throughout the
body; its loading in CNgs might enhance cell uptake and
remove alternative high-dose complications [30].

In the present study, we investigate the effect of GM-
CSF-loaded CNgs in contact with DPSCs harvested cells.
Nanostructures were synthesized and physicochemi-
cally characterized. The cell's morphology and live/dead
assay were utilized to evaluate the biocompatibility. Den-
tal pulp regeneration through electron microscopy, and
osteogenic and odontogenic biomarkers expression were
assessed in vitro.

Methods and materials

Materials

Chitosan (CAS-No 9012-76-4), tripolyphosphate
(TPP, CAS-No 15091-98-2), GM-CSF (MDL number
MFCDO00166611), 4”,6-diamidino-2-phenylindole (DAPI)
fluorescence (D9542), Acridine Orange (AO) solution
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(A9231), Propidium iodide (PI) solution (P4864), and all
chemical reagents were purchased from Sigma-Aldrich.
RNA extraction kit (RiboEX reagent, GeneAll Biotech-
nology, Korea), Easy cDNA Synthesis Kit (Parstus, Iran),
Master mix (Addbio, Korea), and Primers (sinaclon, Iran)
were obtained.

Cell culture and identification

Human dental pulp-derived mesenchymal stem cells
were sourced from the Iranian Biological Resource
Center (IBRC code C10371). Low-glucose DMEM (Dul-
becco’s Modified Eagle Medium), fetal bovine serum
(FBS), penicillin/streptomycin, trypsin—-EDTA (0.25%),
phosphate buffer saline (PBS) 1X, and other cell culture
reagents were obtained from ATLAS Biologicals Colo-
rado Company.

The hDPSCs were identified through surface markers
and differentiation. The following fluorescent-conjugated
antibodies were used to detect MSC cell surface mark-
ers at 4 °C for 30 min: IgG1-FITC as a negative control,
CD90-RPE, CD105-RPE, CD45-FITC, CD34-RPE, and
CD29-FITC (BD Pharmingen, San Diego, CA), which
were visualized using flow cytometry (10MACSQuant,
Miltenyi Biotec, Germany) and FlowJo 10.0 software
(Flow Jo LLC, USA). For the differential induction,
hDPSCs were cultured in lipogenic induction media
containing 0.5 mM isobutylmethylxanthine, 1 mM dexa-
methasone, 10 mM insulin, and 0.2 mM indomethacin
(all from Sigma-Aldrich) for 14 days and osteogenesis
induction media containing 10 mM b-glycerophosphate,
50 mg/mL ascorbic acid, and 10 nM dexamethasone
(all from Sigma-Aldrich) for 21 days, and subsequently
stained with oil red O (Sigma-Aldrich) and alizarin red
S (Sigma-Aldrich), respectively. Images were taken with
an inverted optical microscope (Olympus Corporation,
Tokyo, Japan) (S1).

GM-CSF/CNgs synthesis and characterization

CNgs are prepared through the ionic-gelation method,
outlined by Asadi et al. [31-33]. Briefly, chitosan solution
(2.0%, w/v) was prepared in an acetic acid aqueous solu-
tion (PH~4) and TPP as an ionic cross-linker prepared
in distilled water. The concentration of TPP was three
times that of the chitosan solution. The TPP solution
was added to the chitosan solution in a stepwise manner
under a magnetic stirrer at room temperature. After 30
min, the suspension was centrifuged at 10,000 X g for 10
min. The supernatant was removed, and the deposited
mass was resuspended in distilled water. For GM-CSF/
CNgs preparation, the amount of GM-CSF (100 umol/L)
was combined with chitosan solution (0.2 mg/ml), then
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TPP added stepwise. The deposited mass resuspended
at distilled water and supernatant contained unloaded
GM-CSE.

GM-CSE/CNgs are characterized by Fourier transform
infrared (FT-IR) spectroscopy (PerkinElmer, Spectrum
RXI). The sample spectra were recorded in the con-
text of KBr tablets in a range of over 4000-400 cm™! at
a resolution of 4 cm™'. Dynamic light scattering (DLS)
using a Malvern Zetasizer (ZEN 3600, UK) was applied
to assess the size, hydrodynamic diameter, polydispersity
index (PDI), and zeta potential. Finally, the morphology
of prepared CNgs was evaluated by transmission electron
microscopy (TEM, ZIESS, model EM10 C, Germany).
The microstructure measurement software subsequently
assessed the particle size analysis of CNgs.

Encapsulation efficiency

The standard curve (R?= 0.99) of GM-CSF was depicted
via absorbance 280 nm of at least six concentrations
using the UV-spectrophotometric (Cary 60 UV-Vis,
China) method. The Encapsulation efficiency (EE) was
calculated as follows Egs. (1):

_ Total amount of GM — CSF — Free GM — CSF

EE
Total amount of GM — CSF

x 100 (1)

Cell culture

Dental pulp stem cells (DPSCs) were harvested under
high-glucose DMEM containing 10% fetal bovine serum
(FBS) and 1% pen-strep, preserved in an incubator at 37
°C and 5% CO,. When the cells were approximately 80%
confluent, they were trypsinized and seeded into three
groups of tissue culture dishes.

DPSCs with a density of 0.5 x10° cells/ml were
exposed to GM-CSF/CNgs (2 mg/ml), CNgs (2 mg/ml),
and control (without treatment) and then were used for
in vitro examinations. The GM-CSF concentration was
100 pmol/L.

Cell morphology, viability with fluorescence microscopy
DPSCs were seeded on each tissue culture dish and
treated with samples. The medium was removed, and
then, a 10 nM DAPI stain solution was prepared and
added according to a standardized protocol. After 20
min, the samples were washed 2-3 times in PBS, and the
PBS and glycerol solution were added. Finally, the sam-
ples were evaluated with Olympus fluorescence micros-
copy (BX41, Japan).

For the AO study, an AO solution was prepared
according to protocol guidelines, and 5 nM of the solu-
tion covered the DPSCs in each research group and was
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preserved for 15 min at room temperature. Then, the
cells were washed 2-3 times in PBS, and PI solution (1.0
mg/ml in PBS) was added to the samples. Finally, the
DPSCs were washed in PBS and observed by Olympus
fluorescence microscopy (BX41, Japan). Cells fluoresc-
ing green were scored as viable. Cells fluorescing orange,
either fully or partially, were scored as nonviable. Image
] software was used to analyze fluorescence microscopy
results.

Cell morphology with scanning electron microscopy (SEM)

After 21 days, the morphology of DPSCs in contact with
samples was evaluated by scanning electron microscopy
(SEM, TESCAN, MIRA III, CZE). The samples were fixed
in 2.5% glutaraldehyde solution for 1 h. The dehydration
was done with a mixture of distilled water diluted with
70, 80, 90, and 100% alcohol for 15 min. Then, the sam-
ples were prepared and put on the SEM device.

Quantitative Real-Time PCR Analysis (QRT-PCR)

Samples were cultured in an osteogenic medium for
7 days and 21 days, and then the expression of osteo/
odontogenic genes was analyzed with qRT-PCR. Each
sample was extracted according to the RNA extraction
kit protocol, and its quality was determined using the
NanoDrop2000 spectrophotometer (Thermo Scien-
tific, Waltham, MA, USA). In the next step, the Easy
c¢DNA Synthesis Kit was used to synthesize cDNA, fol-
lowing the guidelines. The qRT-PCR method was per-
formed with designed primers (Table 1) and according
to the protocol of a high Rox Master Mix Green (2X)
kit by Real-time PCR Thermocycler (ABI Stepone,
USA). All the reactions processed under real-time
cycles including initial denaturation (95 °C, 5 min),
amplification in 40 times (95 °C for 15 s, 60 °C for
15-20 s, 72 °C for 15-30 s), melting curve (95 °C for
15 s, 65 °C for 1 min, and 65--95 °C, slope: 0.3 °C/s),
and cooling (30 °C for 20 s). All genes’threshold cycle
(Ct) and melting curve were analyzed. The relative
gene expression was determined via the comparative

Table 1 Primer sequences for osteogenic, odontogenic
biomarkers, and housekeeping genes employed in the study

Gene Name Primer sequence (5'-3") Concentration
GAPDH F: CTTTGGTATCGTGGAAGGAC 4 pmol/L
R: GCAGGGATGATGTTCTGG
OCN F: GGCAGCGAGGTAGTGAAGA 4 pmol/L
R: GCAGAGCGACACCCTAGAC
DSPP FATTTGGGCAGTAGCATGGG 4 pmol/L
RATGCACCAGGACACCACTT
DMP1 F: TTCGTGAGAACATCCAGCC 4 pmol/L

R: ACCCCGTTCACCTCATACT
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274ACT equation and normalized relative to GAPDH as

the endogenous reference gene.

Statistical analysis

All tests were performed in triplicate and in paral-
lel independently (n =3). The findings are presented
as mean *standard deviation (SD). Statistical analy-
sis was performed using version 29.0 of the Statisti-
cal Package for Social Sciences. After confirming the
data distribution’s normality, a one-way analysis of
variance (ANOVA) was performed, followed by Tuk-
ey’s post-hoc test for comparisons between multiple
groups. The criteria for statistical significance were set
at *p <0.05, **p <0.01, and *** p< 0.001 for all group
comparisons.

Results

GM-CSF/CNgs characterization

Size and zeta potential

The average hydrodynamic diameters of GM-CSF/
CNgs and CNgs were 128.2 and 125.1 nm (Table 2) with
a PDI~0.2. The Zeta potentials of GM-CSF/CNgs and
CNgs are presented in Table 2, which shows that the syn-
thesized samples have a surface charge of —1.1 mV and
—1.17 mV, respectively. The result implies the colloidal
stability of the prepared GM-CSF/CNgs.

The TEM images of GM-CSF/CNgs and (b) CNgs
showed spherical morphology and uniform size distri-
butions (Fig. 1). Moreover, particle size analysis showed
GM-CSF/CNgs with 60.06 +6.78 nm (2a) and CNgs with
57.8 +8.8 nm (2b).

FT-IR The FT-IR spectra of CNgs and GM-CSF/CNgs
are presented in Fig. 2. CNgs spectra showed 3400 cm ™,
corresponding to O—H stretching, and intramolecular
hydrogen bonds. The polysaccharide characteristic peaks
at 896 cm™! and 1086 cm ™! belong to C-H symmetric and
asymmetric stretching. The absorption band at 1617 cm™
refers to the N—H bending of the amine group. The bands
at 1220 cm ™}, 1160 cm™, 1100 cm ™}, and 875 cm ™ refer to
P = O stretching, symmetric and antisymmetric stretching
vibrations in the PO, group, symmetric and antisymmetric

Table 2 DLS (a) and zeta-potential of GM-CSF/CNgs and (b)

CNgs
Samples Particle PDI Zeta potential
diameter
4h 4h 4h
CNgs 125.1 0.2 —-0.1.1
GM-CSF/CNgs 128.2 0.2 -1.17
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Fig. 1 TEM graph of (@) GM-CSF/CNgs and (b) CNgs; the size distribution of GM-CSF/CNgs (c) and CNgs (d)
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Fig. 2 the FT-IR spectra of GM-CSF/CNgs and CNgs

stretching vibrations in the PO, group, and antisymmetric
stretching of the P-O-P bridge, respectively. The FT-IR of
GM-CSF/CNgs showed the characteristic peaks of CNgs
and the band related to the GM-CSE. The broad peaks
at 3400 cm™! belong to the N-H stretching of primary

amine, and the peaks at 1614 cm™' and 1667 cm™! are
associated with the C-N stretching of amide, respectively
[34]. Therefore, the FT-IR spectra confirmed the spectral
compatibility of the CNgs structure, and its comparison
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with the GM-CSF/CNgs determined the formation of the
intramolecular bonds of GM-CSF with CNgs.

Encapsulation efficiency
The drug EE of 82.9 +2% was obtained with no consider-
able effect on particle size.
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Cell morphology and viability/adhesion of DPSCs exposed
to GM-CSF/CNgs
After 72 h, the nuclear morphology of DPSCs treated
with GM-CSF/CNgs and CNgs compared to the control
was assessed by DAPI staining assay.

(Table 3). The DAPI images showed no obvious nuclear
alteration (Fig. 3a). The quantitative results showed

Table 3 Results of the DAPI staining assay showing the viability and adhesion of DPSCs treated with GM-CSF/CNgs and CNgs

compared to the control

Number of nuclei/mm? Mean Std. Deviation Pvalue
Grouped by materials Control 398.0a 19.70 0.1979 (ns)
Nanohydrogel 3500a 36.06
GMCSF + Nanohydrogel 383.7a 29.26
a DAPI staining assay
=
=
=]
&)
)
oo
<
=}
E.
e
=
z

GMCSF+
Nanohydrogel

S
,b(\
b ™

Fig. 3 Fluorescence microscopic images of DPSCs treated with GM-CSF/CNgs and CNgs compared to the control group (without treatment)
with DAPI staining (a), the number of nucleus/mm.? between all the groups of study (b)
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no significant differences in cell viability, apoptosis, or
nuclear fragmentation among all groups (Fig. 3b).

After 7 days of DPSCs treated with GM-CSF/CNgs
and CNgs compared to the control group. The AO =PI
staining (Fig. 4) illustrated significant biocompatibility
and cell viability (%) between treated cells compared
to the control. Furthermore, almost all the DPSCs in
treated and control groups emit green fluorescence
in the context of AO/PI staining that determined are
live cells (Fig. 4a). Besides, the quantitative analysis
(Table 4) confirmed the biocompatibility.

_ Livecen |

Nanohydrogel

GMCSF+
Nanohydrogel

Live Cell/Dead Cell(%)

Deadeell_|
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Expression of odontogenic and odontogenic
differentiation genes of DPSCs exposed to GM-CSF/CsNg
After 21 days, the results obtained from qRT-PCR
showed the expression of odontogenic associating genes,
including dentin sialophosphoprotein (DSPP) and dentin
matrix protein 1 (DMP1) between GM-CSF/CNgs and
control groups were significant (p <0.001), and also these
genes expression were significant among CNgs and con-
trol groups (p <0.05) (Fig. 5a, 5b). Furthermore, the oste-
ogenic biomarker osteocalcin (OCN) higher expression

Fig. 4 Fluorescence microscopic images of DPSCs treated with GM-CSF/CNgs and CNgs compared to the control group (without treatment)
with AO-PI staining (a), the percentages of live/dead cells between all the groups of study (b)

Table 4 Acridine orange staining assay results showing the percentage of live DPSCs to dead DPSCs treated with GM-CSF/CNgs and

CNgs compared to control

Live cells/dead cells (%) Mean Std. Deviation P value
Grouped by materials Control 9467 a 2517 0.9312 (ns)
Nanohydrogel 94.00 a 3.606
GMCSF + Nanohydrogel 9500 a 3.606
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Fig.5 Gene expression profile of DPSCs treated with GM-CSF/CNgs and CNgs compared to the control group (without treatment) on day 21. Rest
software was used for gene expression analysis using real-time PCR data. A statistical significance was indicated with asterisks (***p < 0.001, *p <

0.05)

was observed in GM-CSF/CNgs (p <0.001) and CNgs (p
<0.05) compared to control (Fig. 5¢).

Cell morphology of DPSCs exposed to GM-CSF/CNg

After 21 days, SEM observation exhibited morphological
changes in DPSCs exposed to CNgs (Fig. 6a) and GM-
CSF/CNgs (Fig. 6b). The morphology of DPSCs exposed
to GM-CSF/CNgs demonstrated spindle-shaped fibro-
blast-like cell morphology, mineralization of the intra-
cellular matrix, and elongation of cytoplasmic processes,
indicating cell adhesion and interactions with the surface
of CNgs and GM-CSF/CNgs.

Discussion

In the present study, we attempted to synthesize GM-
CSF-loaded CNgs and assessed the potential of DPSCs
treated with them in dental pulp regeneration. Char-
acterization methods, including FTIR, DLS, and Zeta
potential, confirmed GM-CSF/CNgs formation. The

cellular staining and q-RT PCR results demonstrate that
GM-CSF/CNgs provided a biocompatible substrate for
inducing dental pulp differentiation of DPSC culture.
Long-term teeth survival, preserving the function of
the dental pulp, and restoring infected permanent imma-
ture teeth required novel RET procedures to replace
injured and necrotic dental tissue with newborn tissue
[35]. Literature reveals that in the context of the notable
resemblance to the ECM physicochemical features, chi-
tosan hydrogels in exposure to DPSCs improved viability,
adhesion, proliferation, and osteogenic or odontogenic
differentiation [5, 7, 36]. Besides, we approved the note-
worthy antibacterial performance, antioxidant activ-
ity, negligible cytotoxicity effect, and potent therapeutic
potential on mucositis ulcers of CNgs in further studies,
which could be helpful in endodontic pro-regenerative
space sterilization [31, 33]. According to the results of
our research, DPSCs treated with GM-CSF/CNgs and
CNgs showed minimal cell retention, cell death, and

Amirkabir University

SEl_WD =184 200kV X 25K _10um

1 WD =185 200kV X 25K _10um

Fig. 6 SEM images of DPSCs differentiated on CNgs show a typical odontoblast-like morphology, compaction, and mineralization
of the intracellular matrix (arrow) (@). GM-CSF/CNgs — cellular cytoplasmic extensions adhering to nanohydrogels (arrow) (b)
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significant cell viability (Fig. 4). Furthermore, no appar-
ent nuclear fragmentation of GM-CSF/CNgs and CNgs
was observed (Fig. 3). Moreover, CNgs enriched with
GM-CSF/CNgs exhibited synergistic proliferative effects
compared to CNgs. Although there are no significant dif-
ferences between GM-CSF/CNgs and CNgs with con-
trol groups, it should be considered that GM-CSF could
activate proliferation mechanisms, leading to the slight
increase in GM-CSF/CNgs compared to CNgs-treated
groups. It was previously suggested that GM-CSF could
stimulate the mobilization and proliferation of DPSCs
[34, 37, 38].

The dental pulp is a complex of odontoblasts, connec-
tive tissue, blood vessels, and neural tissue encased by
dentin tissue. GM-CSF is a hematopoietic growth fac-
tor that could induce neovasculature formation, and its
potential in neural tissue regeneration has been approved
previously [39-41]. Moreover, chitosan nanocarriers
could stimulate the migration and proliferation of vas-
cular endothelial cells to facilitate angiogenesis, increase
blood supply, and microvessel density [42].

However, the odontogenic effects of GM-CSF were
under debate. The results of the present study suggest
that a 100 pmol/L concentration of GM-CSF loaded in
CNgs provoked odontogenic differentiation of DPSCs.
The characteristic odontogenic markers DSPP and
DMP1 expression were higher in GM-CSF/CNgs than
in the blank control group (Fig. 5). Interestingly, it was
similarly expressed in DPSCs in contact with CNgs,
although it is lower than that from GM-CSF/CNgs (p
<0.05); this may be due to the porous 3D structure,
which is ideal for cell adhesion and proliferation. Our
results are inconsistent with Altari et al’s finding that
dental pulp stem cells (DPSCs) cultured on chitosan
scaffolds, with or without TGF-bl, showed mineral
deposition and odontogenic differentiation.[43] Litera-
ture reports have confirmed that the DSPP and DMP1
play crucial roles during the stages of dental pulp devel-
opment to specify odontoblastic differentiation, and
could also be helpful in late dentin mineralization [44].
Furthermore, DSPP increased the production of dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP),
which are essential factors in the dentinogenesis pro-
cess [45]. K Iohara et al. reported that aGM-CSF plays
a key role in total dental pulp regeneration. There was a
significant amount of regenerated dentin-pulp complex,
cell migration, neurite outgrowth, and reduced inflam-
matory cues or apoptotic components [23]. In this
study, there was a higher expression of the early osteo-
genic marker OCN in the groups exposed to the treat-
ments compared to the control. However, it showed a
significant increase in DPSCs in contact with GM-CSE/
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CNgs (Fig. 5c). The OCN is found in dentin mineral-
ized matrix and regulates the mineral nodule formation
in normal teeth’s hard tissue development [46]. DSPP,
DMP1, and OCN biomarker expression are directly
involved in dental pulp morphogenesis and regenera-
tion of injured tissues. Thus, GM-CSF/CNgs exhibited
potential for higher efficiency in generating dental pulp.
In addition, morphological alteration and calcified
deposition could be observed in DPSCs in contact with
the treatments in SEM micrographs (Fig. 6). Within
the study’s limitations, it can be concluded that GM-
CSF-loaded chitosan nanohydrogel, by modulating the
microenvironment, serves as a suitable injectable scaf-
fold enriched with growth factors and cytokines that
promote odontogenic differentiation pathways through
the sustained release of GM-CSF within the root canal.
This targeted stimulation results in a more predictable,
biologically driven alternative regenerative endodontic
treatment than traditional methods, aimed at preserv-
ing tooth vitality and function.

Conclusions

The present study displayed a bioinspired drug delivery
system (DDS) for inducing dental pulp regeneration of
DPSCs treated with GM-CSF/CNgs. However, further
studies must be performed to assess other vital charac-
teristics of GM-CSF/CNgs, such as angiogenesis, neu-
rogenesis properties, and anti-inflammatory features for
clinical translation.

Abbreviations

GM-CSF  Granulocyte-Macrophage Colony-Stimulating Factor
CNgs Chitosan Nanogels

DPSCs Dental Pulp Stem Cells

DMEM Dulbecco’s Modified Eagle Medium
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