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A B S T R A C T

Objective: Drug-loaded non-resorbable polymeric nanoparticles (NPs) are proposed as an adjunctive treatment for
pulp regenerative strategies. The present in vitro investigation aimed to evaluate the effectiveness of tideglusib-
doped nanoparticles (TDg-NPs) in mitigating the adverse effects of bacterial lipopolysaccharide endotoxin (LPS)
on the viability, morphology, migration, differentiation and mineralization potential of human dental pulp stem
cells (hDPSCs).
Methods: Cell viability, proliferation, and differentiation were assessed using a MTT assay, cell migration eval-
uation, cell cytoskeleton staining analysis, Alizarin Red S staining and expression of the odontogenic related
genes by a real-time quantitative polymerase chain reaction (RT-qPCR) were also performed. Cells were tested
both with and without stimulation with LPS at various time points. One-way ANOVA and Tukey’s test were
employed for statistical analysis (p < 0.05).
Results: Adequate cell viability was encountered in all groups and at every tested time point (24, 48, 72 and 168
h), without differences among the groups (p > 0.05). The analysis of cell cytoskeleton showed nuclear alteration
in cultures with undoped NPs after LPS stimulation. These cells exhibited an in blue diffuse and multifocal
appearance. Some nuclei looked fragmented and condensed. hDPSCs after LPS stimulation but in the presence of
TDg-NPs exhibited less nuclei changes. LPS induced down-regulation of Alkaline phosphatase, Osteonectin and
Collagen1 gene markers, after 21d. LPS half-reduced the cells production of calcium deposits in all groups (p <

0.05), except in the group with TDg-NPs (decrease about 10 %).
Significance: LPS induced lower mineral deposition and cytoskeletal disorganization in hDPSCs. These effects
were counteracted by TDg-NPs, enhancing osteogenic differentiation and mineralization.

1. Introduction

Pulp inflammation occurs if superficial caries are not treated in time.
Bacteria or bacterial by-product remain present in the dentin where they
cause chronic inflammation, leading to reparative events [1]. Bacterial
lipopolysaccharide endotoxin (LPS) is commonly detected in infected
pulp cavities and root canals. As well as being an important etiologic

factor for pulpitis and apical periodontitis [2]. LPS is also postulated to
have profound effects on proinflammatory cytokine production [3]. LPS
facilitates the release of inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-α) interleukin 1 beta (IL-1β), interleukin 6 (IL-6), IL-8
and IL-10 [4,5].

In some cases, direct pulp capping is indicated for treating dental
pulp exposure by using biomaterials to stimulate the reparative
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formation and enhance the remineralization of the existing dentin [6].
Traditional sealing cements on dentin have been used to stimulate
remineralization, but these agents do not form a biological union with
tooth structure and can cause weakening of the histologic substrate [7]
with, normally, little presence of reparative cells. In response to tissue
injury, mesenchymal stem cells proliferate and migrate to the injured
area, where they differentiate toward an odontogenic phenotype
showing both osteogenic and odontogenic profiles [6] to deposit
reparative hard tissue [8]. It has been shown that dentinogenesis shares
multiple properties with intramembranous bone formation [9].

Wnt signaling is a signaling pathway that participates in reparative
hard tissues formation [10]. Activating Wnt signaling via a
small-molecule Wnt agonist that provides both stability and suitability
for clinical use could be a promising strategy for hard tissues repair [6].
Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein ki-
nase that plays a central role in the regulating Wnt/β-catenin signaling
pathway [11]. Phosphorilated GSK-3β degrades β-catenin in the absence
of Wnt-receptor interaction. Active β-catenin interacts with Tcf/Lef
transcription factor and up-regulates gene expression involved in cell
differentiation [7]. Small molecules stimulate the signal transduction,
speed up the natural healing process, can mimic growth factors, trigger a
controlling point of cellular signal transduction system, and act altering
gene expression [7]. Tideglusib (TDg) is one of the small molecules that
activate canonical Wnt signaling by inhibiting the GSK-3β activity [12].
TDg is a commercially available medication developed for treating
progressive supranuclear palsy and Alzheimeŕs disease [13]. TDg has
increased osteoblastogenesis, has promoted anabolic effects on bone
formation, and it has enhanced reparative dentin and mature mineral
formation under the injury site [6,14].

However, for TDg to be used clinically, a controlled and sustained
release delivery system would be necessary to induce odontoblast and
osteoblast differentiation. Various delivery vehicles can be used to
provide sustained drug release and tissue guidance. Many natural and
synthetic polymers are being used as delivery vehicle in the form of
different scaffolds such as nanofibers, membranes, gels, microspheres
and nanoparticles (NPs) [7]. Polymeric NPs generated by polymer-
ization/precipitation may be loaded with TDg [14,15].

It was the objective of this in vitro investigation to evaluate the
effectiveness of tideglusib-doped nanoparticles (TDg-NPs) in mitigating
the adverse effects of lipopolysaccharide (LPS) in terms of cell viability,
migration, gene expression, cell morphology or mineralization on
human dental pulp stem cells (hDPSCs). The null hypothesis was that
there are no differences among the different cultures in term of viability,
wound healing, morphology of the cytoskeleton, odontogenic markers
expression and calcification ability of hDPSCs cultured in the presence of
TDg-NPs, with or without LPS.

2. Materials and methods

2.1. Production of nanoparticles

The process of obtaining NPs applied the use of the polymerization
precipitation method, which controlled the precipitation facilitated by a
thermodynamic approach. Specifically, the Flory-Huggins model, based
on Hansen’s solubility parameters, was employed. This model centered
on interactions among solvent molecules and the growth of polymer
chains through hydrogen, polar bonding, and dispersion forces [16]. The
backbone monomer for NP design was 2-hydroxyethyl methacrylate,
with methacrylic acid serving as the functional monomer, and ethylene
glycol dimethacrylate employed as the cross-linker. Subsequently, half
of the produced NPs were loaded with a peptide, TDg (Sigma-Aldrich,
Chemie GmbH, Riedstr, Germany). The NPs loading process was con-
ducted by immersion of 100 mg of NPs in 1 mL of 0.0017 mg/mL TDg
solution for 2 h at room temperature under constant shaking (12 rpm)
(rotator Orbit 300445, JP Selecta, Barcelona, Spain). Then, the NPs were
left until the solvent was completely evaporated, ensuring that all the

TDg remains onto the NPs. Two types of NPs were obtained, undoped
NPs and TDg-NPs.

2.2. Cell harvest, isolation and characterization

Mesenchymal stem cells were obtained from impacted third molars
(n = 10), which were extracted from 10 healthy subjects aged between
18 to 30 years. The protocol for human dental pulp cells (hDPCs)
isolation was approved by the Human Research Ethics Committee from
the University of Murcia (protocol ID: 457/2023). It followed the
guidelines from the Declaration of Helsinki. In order to generate single
cell suspensions, the pulp was gently removed, and then washed with
Ca/Mg-free Hank’s balanced salt solution (Gibco Invitrogen, Paisley,
Scotland), and after incubated in the presence of collagenase A (3 mg/
mL) (Sigma-Aldrich, St Louis, MO), for 1 h at 37 ◦C. Cells then were
seeded onto plastic tissue culture flasks (BD Biosciences, San Diego, CA)
immersed in Dulbecco modified Eagle medium (DMEM; Gibco Invi-
trogen, Paisley, Scotland), which was supplemented with penicillin/
streptomycin (PAA Laboratories, Pasching, Austria), L-glutamine (PAA
Laboratories), and 10 % fetal bovine serum (FBS) (Gibco Invitrogen) and
incubated for 3 d, at 37 ◦C in a humid atmosphere containing 7.5 % CO2.
After adherent cells were visualized erythrocytes and non-adherent cells
were removed trough washing with Ca/Mg-free phosphate-buffered
saline (PBS) (Gibco Invitrogen). After cultures reached 80 % of conflu-
ence, cells were newly washed with PBS and detached with 0.25 %
trypsin EDTA solution (Gibco Invitrogen) for 3–5 min, at 37 ◦C. Cells
were then seeded at a density of 6 × 103 cells/cm2 until reaching 80 % to
90 % of cell confluence. To reduce the impact of interindividual het-
erogeneity in MSCs from donors, pooled hDPSC samples from 5 to 8
different donors were used in various experiments [17].

Human DPSCs were immunophenotyped by flow cytometry using
specific antibodies for mesenchymal markers (CD73, CD90, CD105) and
hematopoietic markers (CD14, CD20, CD34, CD45) with the human
MSC phenotyping cocktail from Miltenyi Biotec (Bergisch Gladbach,
Germany) on a FACS LSR Fortessa flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA). Each experiment was performed in triplicate.

For half of the groups, cells were incubated in the presence of E. coli
LPS (1 μg/mL) (Sigma-Aldrich/Merck) [18]. 24 h after cell seeding,
when the cells spread and reached the appropriate confluence, LPS
and/or NPs were added. From this point, fresh cell medium with or
without LPS was replaced every two days until the time of each specific
experiment.

2.3. Analysis of hDPSC proliferation

The proliferation of the hDPSCs of the different groups was quanti-
tatively assessed with a MTT (3-(4,5-dimethylthiazol-2-yl)− 2,5-diphe-
nyltetrazolium bromide) assay (MTT Cell Growth Kit; Chemicon,
Rosemont, IL). It measures the cellular metabolic activity, as an indi-
cator of cell viability and proliferation. This assay determines the
mitochondrial dehydrogenase enzymes ability to convert the yellow
water-soluble tetrazolium salt MTT into the colored compounds of for-
mazan. The measured absorbance of formazan is therefore proportional
to the amount of living cells. Proliferation of hDPSCs was analyzed after
at 24, 48, 72 and 168 h of culture and treatment with different con-
centrations of NPs. For that purpose, wells were washed twice with PBS,
and then 50 mL MTT solution (1 mg/mL) was added to the culture and
incubated for 4 h. Each well was washed with 300 mL of PBS, 100 mL of
dimethyl sulfoxide were added to extract and solubilize the formazan.
Absorbance at 570 nm was then measured by using an automatic
microplate reader (ELx800; Bio-Tek Instruments, Winooski, VT) using
an absorbance of 690 nm as the reference wavelength value. Each
experimental condition was analyzed in quintuplicate [17].
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2.4. Cell migration evaluation (scratch wound assay)

A horizontal scratch wound healing assay was carried out to assess
the migration ability of hDPSCs in response to the several NPs. The
hDPSCs were seeded at a concentration of 2 × 105 cells in a 12-well
plate. Thereafter, a 200 µL pipette tip was used to scratch through the
confluent layer of cells and they were exposed to the diverse groups of
study. Wound closure was analyzed at three time intervals: 0–24 h (first
time interval), 24–48 h (second time interval), and 48–72 h (third time
interval). Phase-contrast microscopy (Olympus, Japan) was used to take
images of the wound area after scratching. Twelve acquired images per
group were used for analysis by ImageJ v. 1.53e software (National In-
stitutes of Health, Bethesda, MD, USA). To account for the width vari-
ations among the scratch wounds, migration rates were presented as
percentage areas of relative wound closure (RWC) and calculated as
RWC (%) = (wound closure area in pixels/total number of pixels) × 100
[19].

2.5. Cell morphology and spreading

Cell morphology and spreading were assessed by fluorescent-
phalloidin labeling. A density of 3 × 104 cells was seeded in a 24-well
plate, allowed to adhere, spread, and cultured in untreated medium
(control) or NPs for 72 h at 37◦C. Then, 1 mL of 4 % paraformaldehyde
(PFA) solution was added to each sample for 15 min at room tempera-
ture to fix the hDPSCs on the surface. They were then permeabilized
with 1 mL of Triton X-100 (Solarbio, Beijing, China). The cells were then
gently rinsed with phosphatebuffered saline (PBS) twice. The hDPSCs
were stained successively with 4,6-diamidino2-phenylindole dihydro-
chloride (DAPI) (ThermoFisher Scientific, Waltham, MA, USA) and
Invitrogen™ AlexaFluor™594-labeled phalloidin (ThermoFisher Scien-
tific), at r/t in the dark for 30 min [19]. Fluorescence images were ac-
quired with a Nikon N-STORM confocal microscope (Nikon Corporation,
Tokyo Metropolis, Japan) using NIS-Elements Viewer Software (Nikon
Corporation, Tokyo Metropolis, Japan).

2.6. Cell odontogenic gene expression: RT-qPCR assay

To determine mRNA transcript levels of the odontogenic differenti-
ation and mineralization markers, the hDPSCs were cultured together
with the tested NPs. A real-time quantitative polymerase chain reaction
(RT-qPCR) was performed to quantify gene expression. Twenty thou-
sand hDPSCs per well were seeded onto 12-well plates (n = 3) and
incubated for 7 and 21 d with 10 µg/mL NPs-conditioned medium, in
unconditioned culture medium (negative control group), or in osteo-
genic differentiation medium (OsteoDiff® media; Miltenyi Biotec,
Gladbach, Germany) (positive control group). Culture media and eluates
were replaced every three days. Total RNA from each culture was
extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s protocol. 1 µg of RNA was reverse tran-
scribed for first-strand complementary DNA (cDNA) synthesis via
iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad Labo-
ratories Inc., Hercules, CA, USA) [19,20].

The sequences of relevant primers were as follows: (50-30): alkaline
phosphatase or ALP (forward: TCAGAAGCTCAACACCAACG, reverse:
TTGTACGTCTTGGAGAGGGC), osteonectin or ON (forward:
CGGGTGAAGAAGATCCATGAG, reverse: CTGCCAGTGTACAGGGAA-
GATG), collagen type 1 or Col1A1 (forward: CTAAAGGCGAACCTGGT-
GAT, reverse: TCCAGGAGCACCAACATTAC), runt-related transcription
factor 2 or RUNX2 (forward: TCCACACCATTAGGGACCATC, reverse:
TGCTAATGCTTCGTGTTTCCA), bone sialoprotein or BSP (forward:
TGCCTTGAGCCTGCTTCCT, reverse: CTGAGCAAAATTAAAG-
CAGTCTTCA), amelogenin X or AMELX (forward: CACCCTGCAGCCT-
CATCACC, reverse: GTGTTGGATTGGAGTCATGG), Ameloblastin or
AMBN (forward: AGCCATGTTTCCAGGATTTG, reverse:
TGCACCTCCTTCTTCGTTCT). Differentiation markers were measured

using the expression of the housekeeping gene Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as a reference, with the following
sequence (50-30): (forward: TCAGCAATGCCTCCTGCAC, reverse:
TCTGGGTGGCAGTGATGG). To calculate the relative gene expression,
the standardized 2− ΔΔCT method was used [20].

2.7. Cell mineralization/calcified nodule formation: Alizarin Red S
Staining

The mineralization or calcification ability of the hDPSCs in contact
with the tested NPs was analyzed by Alizarin Red S Staining (ARS) after
21 d of culture. The hDPSCs were seeded onto 24-well plates at 1 × 104

cells/well concentrations and allowed for attachment. The cells were
then transferred into the NPs-conditioned medium and cultured for 21 d.
After the culture period, the cells were fixed in 95 % ethanol for 30 min
at room temperature (RT), rinsed three times with double-distilled
water, stained with 5 % of alizarin red (pH = 4.2, Sigma Aldrich, St.
Louis, MO, USA) for 5–10 min, washed repeatedly with double distilled
water, and then dried at RT. The dried plate was observed under a ste-
reomicroscope (Leica Microsystems GmbH, Wetzlar, Germany) to ac-
quire relevant images. For quantification of the calcified nodules, the
alizarin red was dissolved in 10 % cetylpyridinium chloride (Sigma-
Aldrich, MO, USA). After that, the plate was read at an absorbance of
405 nm by the spectrophotometric microplate reader (Thermo Fisher,
USA) [19]. For this assay, both a negative control (hBMMSCs cultured in
unconditioned growth medium, DMEM; Gibco, USA) and a positive
control (hBMMSCs cultured in osteoinductive media (OsteoDiff®, Mil-
tenyi Biotec, Germany) were used for reference.

2.8. Statistical Analysis

Statistical analyses were performed with Prism 6 (GraphPad Soft-
ware, San Diego, CA, USA). Data are expressed as mean ± standard
deviations (SD). The normality in the distribution of the data was pre-
viously confirmed via a Q-Q plot. Data were analyzed using one-way
ANOVA and Tukey’s post hoc test. Statistical significance was set at p
< 0.05.

A flowchart of the whole methodology is presented at Fig. 1.

3. Results

3.1. Cell characterization

hDPSCs exhibit numerous phenotypic characteristics in vitro that are
commonly associated with bone marrow-derived mesenchymal stem
cells (MSCs). To identify specific cell surface molecules, flow cytometric
analysis was employed. The analysis revealed that hDPSCs display the
characteristic pattern of MSC-associated surface markers, including
CD73, CD90, and CD105. Additionally, hDPSCs were negative for he-
matopoietic stem cell surface markers such as CD14, CD20, CD34, and
CD45 (Fig. 2).

3.2. MTT assay

To investigate the effects of varying concentrations of different NPs
on the proliferation rates of hDPSCs, an MTT assay was performed.
Adequate cell viability was encountered in all cases and at every tested
time point (24, 48, 72 and 168 h), without significant differences among
the tested experimental groups (p > 0.05) (Fig. 3).

3.3. Wound healing assay

Cell monolayers were wounded by a scraper and allowed to heal
under various conditions. The cells cultured showed similar behavior to
that of the untreated group (control) at every time in the wound healing
assay (p > 0.05). Differences between the several tested periods of time
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(24, 48 and 72 h) were always significant (p < 0.05), corresponding
higher healing rates to the longer time periods (Fig. 4).

3.4. Cell cytoskeleton labeling

Cell adhesion and morphology were investigated by staining hDPSCs
with phalloidin (red fluorescence) and DAPI (blue fluorescence) to
visualize the actin cytoskeleton and cell nuclei, respectively. Immuno-
fluorescence staining evidenced that the cells treated with the tested NPs
exhibited a mesenchymal/fibroblastic cell morphology, similar to the

control group. The cells exhibited substantial extension, and overall, the
cell morphology varied significantly between groups with and without
LPS exposure. This variation was characterized by distinct distributions
of actin filaments and organelles along cytoskeletal cables and patches,
as evidenced by the regular display of F-actin. In cultures exposed to
LPS, some cells appeared poorly organized and partially disrupted,
exhibiting aberrant morphology. In presence of TDg, even with LPS,
cultured cells were flattened and wide-spread cell body with a structured
cytoskeleton. Some nuclear alterations were also detected in the groups
of OsteoDiff®+LPS and NPs+LPS. Remarkably, nuclear changes were

Fig. 1. Flowchart reflecting the methodology that was followed to undertake the present research.

Fig. 2. Histograms from the hDPSCs phenotyping performed by flow cytometry using specific antibodies for the mesenchymal surface markers CD73, CD90, CD105,
and the haematopoietic markers CD14, CD20, CD34, CD45 (dark grey histograms). The numbers inside the histograms indicate the percentage of positive cells for
each marker compared to isotype antibody staining (light grey histograms).

Fig. 3. MTT assay results. The hDPSCs viability was analyzed at 24, 48, 72 and 168 h of culture in the presence of NPs and in the control groups. Fluorescence
intensity was assessed using spectrophotometry at 570 nm. Each experiment was performed in triplicate. No differences were found among the experimental
groups (p > 0.05).
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less adverted in the group of TDg-NPs+LPS. The cells mainly displayed
an elongated and spread morphology, with evident similarities to the
cells cultured in the control groups (Fig. 5).

3.5. RT-qPCR assay

The results of the RT-qPCR assay for assessing odontogenic/osteo-
genic marker expression from the hDPSCs cultured with the tested NPs
(10 µg/mL) are presented in Fig. 6. The RT-qPCR assays evidenced a
marked overexpression of ALP gene at 3 d, in OsteoDiff® media, signif-
icantly higher than that obtained for the rest of the groups, which per-
formed similar (p < 0.001). At 21 d time point, ALP was down-regulated
in OsteoDiff® media and in all groups containing LPS (OsteoDiff®+LPS,
NPs+LPS, TDg-NPs+LPS) (p < 0.001). Concerning DSPP, untreated cells
(control) showed the highest expression at 3 d time point. At 3 d eval-
uation, the presence of TDg down-regulated the gene expression of
DSPP. At 21 d, the control group exhibited the lowest DSPP expression,
while the OsteoDiff® group showed the highest DSPP gene expression.
The remaining groups exhibited intermediate levels of DSPP gene
expression at the 21d time point (p < 0.001). Regarding RUNX2, the
cells in the OsteoDiff® group attained significant overexpression
(p < 0.001) at both time points (3 and 21 d). At 3 d, the presence of TDg
in the NPs down-regulated the gene expression of RUNX2. At 21 d,
disregarding the control group, the cells with undoped NPs attained the
highest gene expression of RUNX2, and those with TDg-NPs in the

presence of LPS, the lowest expression (p < 0.001). Concerning COL1A1,
the cells cultured with OsteoDiff® media with or without LPS achieved
the highest COL1A1 expression, at 3 d time point. Cells cultured in un-
conditioned medium (control) and LPS-NPs evidenced the lowest
COL1A1 expression. Interestingly, at 21 d time point, two groups were
clearly differentiated: cells cultured with OsteoDiff® media, with
undoped NPs and with TDg-NPs that showed the highest COL1A1 gene
expression, and the rest of the groups showed a lower expression
(p < 0.001). Cells cultured with OsteoDiff® media, at 3 d time point
overexpressed ON in comparison with the rest of the groups. At 21 d,
both OsteoDiff® media and undoped NPs facilitated the highest gene
expression of ON among groups (p < 0.001). Concerning BSP, cells
cultured both 3 and 21 d showed the same gene expression, except the
cells cultured in the control group and assessed at 21 d, that down-
regulated in comparison with the rest of the groups (p < 0.001). The
cells cultured in the control group expressed the highest values of AMLX,
at 3 d time point. The lowest values corresponded to the groups with
TDg. At 21 d, the control group (negative control) showed the lowest
gene expression of AMLX, and OsteoDiff® media the highest expression
(p < 0.001).

3.6. Alizarin Red S Staining (ARS)

After 21 d of culturing, the groups in the presence of NPs and con-
trols, were subjected to ARS staining to ascertain the cells’ calcification

Fig. 4. Mean and standard deviations of the different calculated wound-healing rates in the experimental groups. Representative optical microscope images of the
hDPSCs migration in the presence of the different NPs and in the control group are shown. The scale bar is 100 µm. Statistical analysis corresponds to the wound-
healing rate. Similar letters, within each group, indicate no significant differences (p > 0.05). Similar numbers, among groups, indicate no significant differ-
ences (p > 0.05).
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ability (Fig. 7). hDPSCs cultured with OsteoDiff® media showed higher
extensive clusters of calcium deposits than the rest of the groups. The
presence of LPS significantly reduces calcium deposits by approximately
50 % in all cultured cell groups (p < 0.001). Notably, the inclusion of
TDg effectively counteracts this decrease, restoring calcium deposition
levels.

4. Discussion

In this study, we hypothesized that the biological effects of LPS on
human dental pulp stem cells (hDPSCs) are mitigated by the presence of
Tideglusib-doped nanoparticles (NPs). Cell groups cultured in the
presence of LPS showed reduced calcium deposits and altered actin
cytoskeleton organization compared to cultures without LPS. Cell cul-
tures containing both LPS and TDg-NPs were less affected, demon-
strating greater mineralization and more advanced actin cytoskeleton
reorganization compared to the other cell groups exposed to LPS (Figs. 5
and 7). Thereby, the results of the present research partially support the
rejection of the null hypothesis.

Our results demonstrated that hDPSCs exhibited reduced minerali-
zation in the presence of LPS. When bacteria components or biofilm are

present, they interfere with odontoblasts-like cell differentiation and
mineralization of dental stem cells [1]. Thus, Vaseenon et al. (2023) [4]
have previously reported that 20 µg/mL of LPS have interfered with
mineralization, as mineralized nodule formation and gene expression of
osteo/odontogenic differentiation were significantly decreased. Simi-
larly, Rothermund et al. (2022) [8] determined that LPS reduced the
capacity of DPSCs to mineralize the extracellular matrix, indicating that
LPS inhibits terminal differentiation of DPSCs toward an odontoblastic
phenotype. Hence, it can be clearly established that the presence of LPS
induces functional differences in mineral deposition. This phenomenon
may be attributed to elevated levels of β-catenin signaling in an in-
flammatory microenvironment [18], which may attenuate the nonca-
nonical Wnt/calcium signaling pathway, thereby down-regulating the
osteogenic differentiation capacity of stem cells [18,21]. Moreover, TDg
as an anti-inflammatory compound [22] is related to the inhibition of
NF-κB pathway. Therefore, in LPS stimulated cells, TDg reduces the
expression of IL-1β, IL-6 and IL-8 and up-regulates odontoblastic
markers, facilitating mineralization [5].

The osteogenic differentiation medium (OsteoDiff®) that was used as
positive control in the present study, reduces the expression level of
β-catenin but induces the activation of Ca2+/calmodulin-dependent

Fig. 5. Confocal microscopy images of the cytoskeletal component distribution after AlexaFluor™ 594-labeled phalloidin and DAPI staining F-actin fibers and
nucleus, respectively, cultured in OsteoDiff® (A), NPs (B) and TDg-NPs (C). In general, hDPSCs showed typical long spindle shape, cytoskeleton could be observed
showing a high F-actin content, and the round nucleus was located in the center of the cells when they were cultured without LPS (5 A⋅I, 5B⋅I, 5 C⋅I) (arrows). Some
nuclei alterations were encountered in the hDPSCs cultured with OsteoDiff® and NPs, in presence of LPS (4 A⋅II, 4B⋅II). These cells showed an in blue diffuse
(pointers) and multifocal (arrowheads) appearance. Some nuclei appeared fragmented and condensed (faced arrows). Cells cultured with TDg-NPs and LPS showed a
lower amount of nuclei changes. In the rest of the experimental groups, there were no apparent deviation from normality, regarding the nuclear and cellular
morphology, though the presence of LPS in the culture was associated to disorganization of microfilaments (asterisks). (4 A⋅II, 4B⋅II, 4 C⋅II). Blue fluorescence in-
dicates cell nuclei; red fluorescence indicates the actin cytoskeleton. The scale bar is 100 µm.
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protein kinase II (CaMKII), which in turn stimulates nemo-like kinase
(NLK), resulting both in enhanced osteogenic differentiation and in the
highest mineralization attained in the present study (Fig. 7). In all cases
LPS produced a half-reduction in the mineralization ability of cultured
cells, except in the presence of TDg NPs where the reduction was lower
than 20 % (Fig. 7). Therefore, in the presence of LPS, TDg enhances the
reparative or regenerative mineralization of hDPSCs. Tabassum et al.
(2023) [7] have shown an interaction of TDg with GSK-3β, that performs
as Wnt signaling antagonist. This interaction can inhibit the activity of
GSK-3β and increase the stabilization of β-catenin, obtaining

mineralization at 14 d. This outcome demonstrated that Wnt activation
by TDg may facilitate hDPSC osteogenic differentiation in inflammatory
microenvironments. As it has been previously reported that activation of
canonical Wnt signaling at the injured dental pulp is involved in the
process of dentin bridge formation, and it promotes the healing of the
dentin-pulp complex [23,24]. Therefore, the clinical application of
TDg-NPs as a dental pulp capping material that will activate the ca-
nonical Wnt signaling may be a new conservative an efficient dental
pulp therapy [25].

Osteoblastic differentiation of the hDPSCs has been assessed by

Fig. 6. Mean and standard deviations of the relative mRNA expressions from the selected osteogenic and odontogenic related genes: alkaline phosphatase (ALP),
dentin sialoprotein (DSPP), RUNX-2, collagen A type 1 (COL1A1), osteonectin (ON), bone sialoprotein (BSP) and amelogenin (AMELX). The genes’ cell expression was
determined by RT-qPCR after osteogenic induction in the hDPSCs cultured for 3 and 21 d in the presence OsteoDiff ® media (positive control) with or without LPS,
NPs with or without LPS, and TDg-NPs with or without LPS. Similar letters indicate no significant differences (p < 0.05).
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quantification of the expression of the main differentiation-related genes
by means of RT-qPCR (Fig. 6). ALP and RUNX-2, are the most frequently
used markers of early osteoblasts/odontogenic differentiation [26]. In
the present research, at 3 d time point, cells differentiation was not
obtained in any group, except when they were cultured in OsteoDiff®; at
this medium, cells attained the highest ALP expression (Fig. 6A).

As a result, the ALP hydrolization of pyrophosphate into inorganic
phosphate as a precursor of mineralization is slowed down [27],
regardless of the presence of LPS, in the present research. At 21 d, the
presence of NPs, with or without TDg, up-regulated the ALP marker even
if compared with OsteoDiff® (positive control). However, in the presence
of LPS the ALP expression was down-regulated in both groups, although
the differences were less pronounced when TDg was also present.
(Fig. 6A). Thereby, it is speculated that Wnt signaling has partially
contributed to up-regulate the ALP gene expression when TDg-NPs and
LPS were both in culture, inducting osteogenic differentiation [6]. The

GSK-3β inhibitor (TDg), a Wnt agonist, has demonstrated the capability
to induce differentiation of dental pulp cells into odontoblast-like cells
[7].

RUNX-2 was over-expressed across all groups at the 21 d compared
to the 3 d, without significant differences among the groups (Figs. 6B
and 6C). RUNX-2 is a specific transcription factor that plays a regulatory
role in osteoblasts and facilitates osteogenic differentiation of cells [24].
The up-regulation of RUNX-2 in all groups, when compared with the
control group, regardless the presence or not of LPS, suggests the acti-
vation of the mitogen-activated protein kinase (MAPK) pathway. This
will further enhance cell adhesion and bone matrix formation, even in
the presence of a local inflammatory environment (Fig. 6C). RUNX-2
serves as a master regulator of osteoblast differentiation and it is also
known for its role in activating other osteoblastic marker genes [28].
The Wnt transcription factor has been reported to occupy the proximal
RUNX-2 promoter. The binding of the β-catenin to the RUNX-2 promoter

Fig. 7. Assessment of hDPSCs calcification ability with ARS after 21 d in the presence of the experimental NPs and in the control groups. Some calcium deposits are
visible (black arrows). The mean and standard deviations of ARS were measured by the spectrophotometric microplate reader. Representative optical images of the
ARS-stained areas in the different experimental groups are presented. Similar letters indicate no significant differences (p < 0.05).
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induces RUNX-2 expression. Therefore, TDg-mediated Wnt/β-catenin
activation stimulated RUNX-2 transcription [6]. Nevertheless, in pres-
ence of inflammatory environment, there is a large amount of nuclear
β-catenin that may be sufficient to repress RUNX2-dependent activation
of osteocalcin promoter in osteoblastic cells, but triggered the β-cat-
enin/lymphoid enhancer binding factor (LEF-1) pathway [21], inhibit-
ing osteogenesis and mineralization, as shown in Figs. 6 and 7. As
observed in Fig. 6, there is a tendency toward RUNX-2 down-regulation
in all cultures (OsteoDiff®, NPs, and TDg-NPs) after the addition of LPS,
although these differences were not statistically significant.
E. coli-derived LPS has been shown to reduce RUNX-2 in scaffold-free
dental pulp stem cells constructs [8], suggesting that LPS decreases
the odontoblastic differentiation potential of dental pulp stem cells. The
referred high presence of β-catenin in the nucleus [21] may have created
evident nuclear abnormalities visualized by the F-actin, after analyzing
the cytoskeleton by phalloidin staining. Immuno-cytochemical staining
with phalloidin evidenced that LPS inclusion in the cultures resulted in
cytoskeletal disorganization, lower F-actin fibers content and an aber-
rant morphology. These features were mitigated cell cultures with TDg.
Cells cultured in OsteoDiff® and NPs, both with LPS (Figs. 5A and 5B)
exhibited multiple diffuse and multifocal blue nuclei, which were
condensed and likely related to fragmented nuclei [29], indicating a
different actin cytoskeleton organization. It was not produced when
doping NPs with TDg, even in presence of LPS (Fig. 5C). These de-
viations, could be associated with the accumulation of cells in the S
phase, affecting the DNA synthesis and altering the biological function
of cells [19], as altered actin cytoskeleton plays a role in cellular
response to different stimuli [30]. The cytoskeleton, a network of
polymeric fibers, is responsible for the integrated cell shape, cell
movement, transportation of various molecules, and cell division.
Microfilament, microtubule, and intermediate filaments are the types of
cytoskeletal elements present in eukaryotic cells [31]. Actin is a
microfilament, known for its pivotal role in mitosis, cell survival, and
growth by facilitating intracellular and extracellular signaling, apart
from maintaining the physical structure of a cell) [32]. It is also known
that actin is essentially associated with apoptosis. Apoptosis results in
cell destruction caused by a disrupted cytoskeleton, shrunk cells, bleb-
bed cell membranes, condensed nuclei, and fragmented DNA [33]. The
presence of LPS has disrupted the normal distribution of microfilaments,
especially in the absence of TDg. (Fig. 5C). Incorporation of p38 MAPK
activation into the culture medium, in the presence of TDg-NPs and LPS,
might enhance osteogenic differentiation and mineralization. The MAPK
pathway can activate RUNX-2, thereby promoting bone formation [21].
This chance requires further experimentation. Thus, the results of the
present study partially support, again, the rejection of the null hypoth-
esis, because there were differences in osteogenic markers expression
and morphology of the cytoskeleton in the tested cultures with and
without LPS.

RUNX-2 also controls the expression of several genes essential for
osteoblastic or odontoblastic differentiation, as DSPP, which is required
for mineralized tissue formation. DSPP is suggested to act as minerali-
zation nucleus for the deposition of the first apatite crystal during the
mineralization process [34]. At 21 d time point, DSPP gene expression
was down-regulated when hDPSCs were cultured in the presence of
OsteoDiff® and LPS, compared to cultures with OsteoDiff® alone
(Fig. 6B). Nevertheless, when NPs, with or without TDg, were added to
the culture medium, the presence of LPS did not affect DSPP gene
expression (Fig. 6B). Rothermund et al. (2022) [8], stated that LPS
reduced the expression of the dentin-related proteins, but in the present
research, this reduction only occurred when cells were cultured with
OsteoDiff®. In the other groups (NPs and TDg-NPS), LPS did not affect
DSPP gene expression (Fig. 6B).

COL1A1 is one of the most representative components of extracel-
lular matrix found in bone and dentin, being the main constituent of the
organic part [34]. COL1A1 expresses the capacity to synthesize collagen
from the human MSCs, which involves differentiation [24]. In the

present research, the presence of inflammation (i.e. LPS) revealed sig-
nificant down-regulation of this gene expression at 21 d time point
(Fig. 6D). Therefore, it can be inferred that LPS interferes with collagen
synthesis, which is essential for hard tissues remineralization, regardless
the presence of TDg.

Studies investigating the effects of LPS on odontogenic differentia-
tion of DPSCs have yielded contradictory results; some reported that LPS
did not affect differentiation, while others showed that it either pro-
moted or inhibited DPSCs differentiation [8]. Notably, in the present
study, the presence of LPS down-regulated the gene expression of
osteonectin at the 21 d time point when cells were cultured with
OsteoDiff® or NPs. However, this down-regulation was not observed
when NPs were doped with TDg (Fig. 6E). This marker serves as an in-
dicator of significant osteoblastic differentiation and mineralization
during new bone formation, playing a vital role in bone mineralization,
cell-matrix interactions, and collagen binding [35]. Elevated levels of
this protein indicate enhanced osteogenic differentiation and acceler-
ated bone matrix mineralization. As a matrix-associated protein,
osteonectin promotes mineralization and regulates cellular interactions
within the bone matrix [35]. The significant up-regulation of this marker
suggests that TDg exerts a potent osteogenic stimulus in presence of LPS,
encouraging hDPSCs to differentiation into bone-forming osteoblasts.
Furthermore, ON serves as a scaffold, binding to hydroxyapatite and
other bone proteins to facilitate the integration of minerals and collagen
in the bone matrix [36]. This up-regulation may also indicative
enhanced intracellular signaling pathways associated with osteogenesis.
Elevated levels of osteonectin and other markers suggest the activation
of osteoblast-specific genes, resulting in increased osteoblast activity,
maturation, and eventual bone formation [35]. This was confirmed by
the alizarin red staining technique used in the present research, which
revealed multiple precipitated calcium deposits (Fig. 7). The substantial
increase in ON levels in the presence of TDg-NPs (Fig. 6E) underscores its
potential as a promising therapeutic agent for tissue regeneration and
repair, even in the case of local inflammation. Given its apparent ability
to stimulate key markers of osteogenic differentiation, TDg could be
considered for further in vivo studies to validate its efficacy and safety in
the context of bone tissue engineering or regenerative medicine. Our
findings demonstrate that TDg treatment significantly enhances the
expression of important osteogenic markers, such as ON, in hDPSCs after
21 d. This suggests that TDg holds promise as a potent inducer of oste-
ogenic differentiation, thereby potentially contributing to bone regen-
eration and repair strategies. Further research is required to explore the
underlying molecular mechanisms and to assess the in vivo effectiveness
of TDg in bone regeneration.

Bone sialoprotein (BSP), which acts as mineralization nucleus [34]
was overexpressed in all groups at 21 d time point, except in the control
group (Fig. 6F). This indicates that all osteogenic solutions contributed
similarly to the deposition of the first apatite crystals during the
mineralization process. In the present study, the amelogenin gene
(AMELX) was overexpressed when cells were cultured in OsteoDiff®,
compared to the rest of the groups, which exhibited similar expression
levels at the 21 d time point. It is noteworthy that AMELX was
down-regulated when LPS was added to OsteoDiff® (Fig. 6G). AMELX is
the most representative of the enamel matrix proteins and it also en-
hances the regeneration of the periodontal tissues [37].

The inflammatory status of the pulp significantly affected the
viability and mineralization capacity of the dental pulp stems cells [1,5,
22]. In the present study and in general terms, viability has not been
affected at any time point, among the different experimental groups.
Only, at 48 h of follow-up, proliferation slightly decreased when cells
where cultured with NPs and LPS (Fig. 3). Previous analyses have stated
that LPS do not always alter cell viability [1]. Generally, LPS induces
inflammatory responses, decreases in cell differentiation of human
DPCs, impairment of mitochondrial dynamics and increases at the levels
of antioxidants without interfering with apoptosis and cell proliferation
[4,5,22]. Earlier studies have even shown increased cell proliferation at
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0.5–1 µg/mL of LPS, meanwhile inconsistent data have been obtained at
higher concentrations [38]. Other authors [4] did not attain any dif-
ferences in human DPCs proliferation treated with 20 µg/mL of LPS at
day 1, 3 and 7, and others neither obtained significant differences in cell
proliferation in presence of TDg [6]. Nevertheless, Tabassum et al.
(2023) [7] obtained odontoblast proliferation at 3 d after loading a
polymeric scaffold with TDg when determining the gene expression of
ALP and DSPP. It is speculated that, probably, the different carrier, the
dissimilar kinetic release and distinct methodology make the results to
be different.

To determine the impact on cell migration, it was decided to use
wound healing assays, in order to predict how the coordinated migration
of hDPSCs would occur during inflammation, or after wound infliction
measuring the delay or improvement of healing [39]. When odonto-
blasts dye, they are replaced by odontoblasts-like cells differentiated out
of stem cells located in the pulp, which migrate to the destruction site
and participate in the healing process of the tissue) [1]. Nevertheless,
cell migration in the present study was not affected by the presence of
TDg and/or LPS, but was progressively increasing over time (Fig. 4). Li et
al. (2014) [2] showed the effect of LPS increasing the migration of
DPSCs. They used determination of some chemotactic factors to assess
migration. However, previous reports have demonstrated that TDg
impaired the proliferation and migration of several cancer cell types,
probing that Wnt signaling is cell type specific [6]. The evidence high-
lights that the use of different in vitro models (i.e, different cell cultures,
types of culture media, different compositions and concentrations or
biomaterial exposure times) precludes a meaningful comparison of the
results reported in those studies [40].

To the authors’ knowledge, this is the first study to describe the
biological response of hDPSCs to polymeric nanoparticles doped with
TDg in the presence of LPS. This research has shown several shortcom-
ings and limitations. It is an in vitro study which might not totally
represent the responses that occur in vivo. The lack of NPs character-
ization should be considered as a limitation of the present research.
However, the NPs have been widely characterized in previous in-
vestigations [41–43] and it has been shown that the hydrodynamic size
distribution of NPs, assessed by dynamic light scattering, does not
change after loading and no agglomeration is produced. If explored by
FTIR, the spectra have the same number of bands because the binding of
drugs did not provide new functional groups that might give rise to
different vibrational modes. Transmission and scanning electron mi-
croscopy morphological images of NPs also remained similar before and
after doping. Otherwise, TDg liberation was not measured because NPs
are non-resorbable and TDg may be acting on cells even when it is not
being released by NPs.

Further research on mechanistic studies is needed to evaluate the
exact mode of action controlling the activity of the novel material
investigated in this work. LPS is a component of the external membrane
of gram-negative bacteria. A combination of LPS and H2O2 should also
be interesting to investigate, as this blend represents the most effective
way of inducing pulpal injury, resulting in pulpitis, since LPS and H2O2
often occurs together during clinical pulpitis [4]. Experiments per-
formed in animal models could be complementary to the present in vitro
study, in order to investigate the pulpal regeneration ability of the
present TDg-NPs. In addition, candidate genes from RNA sequencing
and bioinformatics analysis could be selected and gene silencing could
be used to investigate the effect on hDPSCs odonto/osteogenic differ-
entiation. Our results should act as preliminary evidence for the devel-
opment of future actions on different cell lines, animal models, and/or
clinical trials.

5. Conclusions

LPS in the cell cultures induced lower mineral deposition; however,
tideglusib-doped nanoparticles (TDg-NPs) effectively mitigated this ef-
fect, promoting regenerative mineralization even in the presence of LPS.

Immunocytochemical staining with phalloidin revealed that LPS led to
reduced F-actin fiber content and cytoskeletal disorganization, but these
adverse effects were counteracted by TDg-NPs.

These findings suggest that TDg-NPs could be a promising strategy
for enhancing the osteogenic potential of hDPSCs in bone tissue engi-
neering and regenerative medicine.
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