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Morin-Loaded Chitosan-Poloxamer Hydrogel as an Osteoinductive Delivery System for
Endodontic Applications
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Abstract

Objectives: Considering the search for new biocompatible intracanal medicaments that
can preserve remaining cells and stimulate bone tissue repair in the periapical region,
this study aimed to synthesize and characterize the physicochemical properties of
morin-loaded chitosan-poloxamer hydrogel (MCP) as well as to evaluate its osteogenic
potential.

Methods: Morin hydrate (M) was loaded into chitosan-poloxamer (CP) hydrogel and the
resulting particles were characterized by infrared spectroscopy (FTIR), UV-vis
spectrophotometer and scanning electron microscopy. Biological assays evaluated the
metabolic activity, cell morphology and alkaline phosphatase (ALP) activity of human
bone marrow stem cells (HBMSC) in three different settings, such as the exposure to
dissolved morin, hydrogel’s leachates and assembled particles by indirect contact. Cells
cultured in standard culture conditions were used as control. The effect of CP and MCP
particles on the formation of collagenous and mineralized tissues was also assessed
within the organotypic model of segmented embryonic chick femora. Datasets were
assessed for one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test
(p<0.05).

Results: Morin at 50 pg/mL was cytocompatible and increased ALP activity. CP and MCP
particles showed stability, and morin was entrapped in the hydrogel matrix without
changing its chemical structure. Cultures treated with 30-min CP and MCP hydrogel
leachates presented significantly higher metabolic activity compared to control. By
indirect contact, CP particles increased metabolic activity, but only MCP particles
induced an upregulation of ALP activity in comparison to control. The amount of
collagenous tissue and mineralized area on the fractured embryonic chick femora was
greater in MCP particles compared to CP counterparts.

Significance: Chitosan-poloxamer platforms are suitable systems to delivery morin,
enhancing cell proliferation and bone mineralization, which upholds its application as

intracanal medication for endodontic purposes.

Keywords: Morin; Chitosan; Poloxamer; Biocompatibility; Osteogenesis; Stem cells;

Drug-delivery.



—

O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Highlights
e The MCP hydrogel exhibited osteoblastic cytocompatibility to human bone
marrow stem cells.
e The MCP hydrogel induced bone formation within the embryonic chick femora
organotypic model.

e The MCP hydrogel holds potential as a medication for endodontic purposes.

1. Introduction
Apical periodontitis is a chronic inflammatory process that develops around the
dental apex, commonly in permanent teeth, mainly triggered by bacterial invasion from
the pulp affected by caries or trauma [1]. In addition to the direct harmful effect of
bacterial products, the active immune inflammatory response in the region generates
an intracellular signaling cascade, involving the production of inflammatory cytokines
that are related to the migration of inflammatory cells and osteoclastogenesis [2,3]. This
process culminates in the disruption of bone homeostasis and the upregulation of
resorption factors with consequent bone loss and the formation of periapical lesions [4].
The treatment of teeth with apical periodontitis involves the chemical-
mechanical preparation of the root canals with bactericidal irrigating solutions and
subsequent application of intracanal medication. In immature permanent teeth with
apical periodontitis, clinical treatment is more challenging, since these teeth have short
roots with thin, parallel dentin walls that make irrigation procedures difficult, and the
presence of an open and still developing apex. Traditional endodontic treatment
(apexification) uses irrigating chemical substances such as sodium hypochlorite or
chlorhexidine. However, when used at the recommended high concentrations, these
substances can compromise the viability of the remaining cells in the pulp tissue or
adjacent areas, potentially disrupting root formation [5, 6]. Traditionally, periodic
exchanges of calcium hydroxide with intracanal medication are also recommended due
to its physicochemical and antimicrobial properties. However, its alkalinity also hampers
the viability of residual cells and does not promote continued root development [7].

Therefore, the development of alternative biocompatible solutions and intracanal
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medicaments is highly relevant, as they can preserve remaining cells to guide root
formation and stimulate tissue repair in the periapical region [8,9].

Plant-derived bioactive compounds, such as flavonoids, have received attention
in the literature due to their wide range of therapeutic applications. Studies have
highlighted several pharmacological properties of flavonoids - polyphenols present in
fruits, seeds, and vegetables - such as antimicrobial, antioxidant, anti-inflammatory,
osteogenic and antiosteoclastogenic actions, among others [10-12]. Flavonoids include
flavones, flavonols, flavanones, flavanonol, flavanols, anthocyanidins and chalcones
[12]. Morin is a flavonol (3,5,7,2',4'-pentahydroxyflavone) found in several plants,
including Morus alba L (white mulberry), Prunus dulcis (almond), Castanea sativa (sweet
chestnut), Psidium guajava (guava), among others [13, 14]. Morin has demonstrated
radical scavenging, antioxidant, anti-inflammatory, anti-cancerous, antimicrobial,
antidiabetic, anti-arthritis, cardioprotective, neuroprotective, nephroprotective, and
hepatoprotective effects [14, 15]. Furthermore, its applicability as a medicine also
becomes viable due to its low cytotoxicity [16,17].

Morin was also employed as a medication for dentistry applications. Studies have
demonstrated the inhibitory effect of morin on planktonic bacteria commonly isolated
from oral infections [10,18-20] and on dental biofilm formation [21-24]. Moreover, the
ability of morin in repairing bone defects was demonstrated in mice by inducing
differentiation of mesenchymal cells and by activating classical signaling pathways,
which culminated in the upregulation of genes related to bone mineralization, as well as
in the decrease of bone resorption markers [11, 25].

To take advantage of the full potential of morin, therapeutic applications must
focus on local delivery approaches, relying on biocompatible and biodegradable delivery
carriers, such as hydrogels. These systems can improve the solubility and stability of
phytochemicals, in addition to protecting them from early degradation by body fluids
[25]. One of the most studied natural polymers is chitosan, a polysaccharide of animal
origin obtained from the chitin of the exoskeleton of crustaceans [25,26]. Chitosan has
the ability to form a hydrogel under suitable conditions, however it has low mechanical
strength and poor absorption in water solutions [26]. Poloxamer 407 is another polymer
commonly used in various drug delivery systems, including in combination with

chitosan. It offers innumerous advantages, such as thermoreversibility, low toxicity,
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biocompatibility, ability to enhance biomolecules solubilization and the ability to
prolong the release profile for many applications [27,28]. Thus, the present study aimed
to develop and characterize an innovative hydrogel loaded with morin, with osteogenic
effects, devised to be an alternative treatment for apical periodontitis. The carrier
consists of a mixture of a natural polymer, chitosan, and a synthetic polymer, poloxamer
407, to provide low toxicity, biocompatibility, and an optimal profile for the controlled

release of morin.

2. Methods
2.1. Morin and controls

Unless otherwise specified, compounds and reagents were purchased from
Sigma-Aldrich® (St. Louis, MO, USA) and cell culture media from ThermoFisher
Scientific® (Waltham, MA, USA). Morin hydrate powder (#M4008) was dissolved in
dimethyl sulfoxide (DMSO) cell culture-grade to obtain a stock solution of 25.2 mg/mL.
Then, the stock solution was sterilized using a 0.2 um syringe filter. Working solutions at
selected concentrations were obtained by diluting the stock solution with a-Minimal
Essential Medium (a-MEM) culture medium for cytological assays. The percentage of
DMSO in working solutions was kept < 0.05% v/v. Control cultures receiving analogous
volume of DMSO without added morin were considered as control groups (set as 100%

growth/metabolism). The assays were performed in three independent days.

2.2. Synthesis of Morin-loaded chitosan-poloxamer (MCP) hydrogels and assembly of
MCP particles

Morin-loaded chitosan-poloxamer hydrogels were synthesized via an ionotropic
gelation technique [29]. First, chitosan from shrimp exoskeleton (molecular weight 10-
50kd, viscosity 20-300cps, deacetylation degree 80-95%) (1% wt./vol) was dissolved in a
solution of acetic acid (1% wt./vol) using a mechanical stirrer (600 rpm) for about 3 h.
Parallelly, poloxamer 407 (HP-407, Kolliphor 407: contains nominally 95 to 105 ethylene
oxide units and 54 to 60 propylene oxide units, with a rough concentration of
oxyethylene of 71.5 to 74.9 %) (10% wt./vol) was mixed with morin (2 mg/mL) under

magnetic stirring (600 rpm) at room temperature. Afterwards, chitosan solution was
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combined with the morin-poloxamer 407 solution in a 1:1 (vol/vol) ratio and stirred for
5 min to yield a morin-chitosan-poloxamer (MCP) hydrogel.

The MCP hydrogel (prepared as described above) was formulated as particles for
transportation and physicochemical analysis by dripping it into a 1 M NaOH solution.
The resulting MCP particles were subjected to magnetic stirring for 10 minutes at 600
rom in the NaOH solution. The supernatant was then discarded, and the MCP particles
were washed with Milli-Q water. The washing procedure was repeated three times.
Finally, particles were dried in a desiccator overnight. In the present work, the gel
particles were prepared with aliquots of 50 pL of the respective solution. The same
procedure was applied to produce chitosan-poloxamer (CP) hydrogel, as well as the

designated CP particles, without morin.

2.3. Physicochemical characterization of MCP hydrogels and particles

Fourier transformed infrared spectroscopy (FTIR) spectra of morin, CP and MCP
hydrogels were recorded on a Nicolet (Thermo-Electron Corp, ThermoFisher)
spectrometer using with an attenuated total reflectance (ATR) apparatus. The spectra
were collected in the scanning range 4000 cm™ to 600 cm™, with a resolution of 4 cm™
and 128 scans. The surface of CP and MCP particles was observed using a scanning
electron microscope (SEM). The EDS analysis of morin was carried out using the same
equipment. The CP and MCP particles were coated with a thin conductive chromium or
gold/palladium film (Model E5100 Sputter Coater, Polaron, Quorum Technologies) and
scanned under a Phenom ProX G6 Desktop electron microscope operating at a voltage
20 kV. The surface charge of CP and MCP particles was evaluated through zeta potential
measurements using a Malvern ZetaSizer Nano ZS instrument. Measurements were
carried out at 25 °C, in triplicate. Moreover, the morin content encapsulated within the
MCP particles was assessed using a UV-vis spectrophotometer (GENESYS™ 50 UV-
Visible, ThermoFisher). In this assay, MCP particles were incubated in 1 mL of PBS and
centrifuged at 3,000 rpm, forcing the complete release of the loaded morin. The
absorbance of the supernatant was measured at 410 nm (the peak absorption of morin
in PBS). Subsequently, the encapsulation efficiency was calculated using the formula
provided below:

((W-ws)/W)X 100
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where W is the amount of the morin initially added to chitosan-poloxamer (MCP) and

ws is the amount of the morin present in the supernatant of the MCP particles.

2.4. Release profile of morin from the MCP particles

To quantify the morin release, MCP and CP particles were prepared as described
in the section 2.2. Each unit of the particles was incubated with 1 mL of PBS at 37 2C.
Aliquots of 100 uL of the supernatant were collected at predetermined intervals (30 min,
1 h, 3 h, 6 h, 24 h), and the withdrawn volume was replaced with fresh PBS. Morin
content in the collected leachates was determined by measuring the supernatant’s
absorbance at 410 nm using a microplate reader (Synergy HT, BioTek). A calibration
curve (R?=0.999) was prepared upon a concentration range of 0.97-250 pg/mL of morin
for the conversion of the absorbance values into morin concentrations. Results are

presented as the cumulative release (%) of morin. Assays were performed in triplicate.

2.5. In vitro assessment using HBMSCs cultures

Human bone marrow stem cells (HBMSCs, Lonza, PT-2501) from the 5™ passage
were used in the cellular experiments. HBMSCs were expanded in a-MEM
supplemented with 10% (vol/vol) fetal bovine serum (FBS), penicillin (100 IU/mL),
streptomycin, (100 pug/mL), and amphotericin B (2.5 pg/mL). Cells were kept at 37 °C
with 5% COzin air. Once the cultures reached 70% confluence, cells were trypsinized and
sub-cultured at a density of 10,000 cells/cm?, and the culture medium was further
supplemented with osteogenic inducers (10 mM B-glycerophosphate, 50 pg/mL of
ascorbic acid and 10 nM dexamethasone). Three distinct experimental approaches were
set: assays comprising exposure to 1) morin at 10, 50 and 100 pug/mL! dissolved in culture
media; 2) hydrogel’s leachates, collected after incubating 50 pL of each CP and MCP
hydrogel in 1 mL of culture medium at 37 2C for 30, 60, 180, and 360 minutes; and 3)
assembled particles (CP and MCP) evaluated through indirect contact, in which cells
were grown at the bottom of 24-well plates attached with permeable inserts (Transwell
6.5 mm insert, 0.4 um permeable membrane, Costar), where the particles were placed

[30].
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2.5.1. Metabolic activity

The metabolic activity of HBMSCs cultures was assessed using the resazurin
assay. At selected timepoints, culture media were replaced by fresh media containing
10% v/v of 100 pg/mL resazurin solution (Sigma-Aldrich). Cells were incubated for 3 h at
37 °C. Then, media were collected, and their fluorescence was measured at 530/590 nm
(excitation/emission) using a microplate reader (Synergy HT). Results are expressed as a

% of the control. Experiments were performed in quintuplicate.

2.5.2. Cell morphology

HBMSCs’ morphology was evaluated through fluorescence microscopy, using a
Celena S digital imaging system (Logos Biosystems, Villeneuve d’Ascq, France). At
determined timepoints, cells were washed and fixed with 3.7% paraformaldehyde. Fixed
cells were permeabilized with 0.1% Triton-X and incubated with bovine serum albumin
to avoid non-specific interactions. Subsequently, cellular F-actin’ cytoskeleton was
stained with phalloidin-conjugated Alexa Fluor 488 (Molecular Probes, Eugene, Oregon,
USA) and their nuclei were counter-stained with Hoechst 33342 (Enzo Life Sciences,

Farmingdale, NY), prior to microscope observation. Assays were performed in triplicate.

2.5.3. Alkaline Phosphatase activity

Alkaline Phosphatase (ALP) was quantified in cell lysates that were obtained by
adding Triton-X 0.1% to the cultures. Briefly, an alkaline p-nitrophenyl phosphate
solution (ALP substrate) was added to cell lysates prior incubation at 37 °C, for 1 h. Then,
the reaction was stopped using NaOH 3 M, and the reaction product (p-nitrophenol) was
measured at 405 nm using a microplate reader (Synergy HT). Moreover, the levels of
total protein (TP) of cell lysates were quantified relying on the Lowry’s method, using a
DC protein kit (Bio-Rad, Hercules, California, USA), read at 750 nm using the same
microplate reader. For each sample, ALP levels were normalized to the corresponding
TP levels. Results are expressed as a % of the control. Experiments were performed in

quintuplicate.
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2.6. Ex vivo assessment using embryonic chick femora model

The influence of morin on the formation of collagenous and mineralized tissues
was assessed within the embryonic chick femora organotypic model. Fertilized chick
eggs (Gallus domesticus) were purchased from a certified seller. Eggs were placed in an
automatic egg incubator (Octagon Advance, Brinsea, Weston-super-Mare, UK) until the
11t day of development. Afterwards, femora from euthanized chick embryos were
dissected and placed into Netwell® inserts (Costar 3480, 440-um pore diameter) in 6-
well plates. Organotypic cultures were incubated at air/liquid interface at 37°C and 5%
COz in air, nourished with a-MEM culture medium supplemented with ascorbic acid (50
ug/mL), penicillin (100 U/mL), streptomycin (100 ug/mL), and amphotericin-B (2.5
ug/mL). After 24 h, femora were cut cross-sectionally in the middle of the diaphysis, and
the halves were split. Assembled CP and MCP particles were placed surrounding the
diaphyseal area of both halves in experimental groups, while control samples were
grown in the absence of any treatment. Culture medium was changed daily, during the
subsequent 11 days. Then, femora were fixed in buffered formalin and enclosed in
paraffin blocks, prior their sectioning (5 um-thick). Sections were marked with Alcian
Blue with Sirius Red (AB/SR) or Von Kossa (VK) dyes. AB/SR coloration reveals
glycosaminoglycans (blue) and collagenous matrix (red), while VK highlights mineralized
tissues, producing dark areas. Images were taken using a Zeiss Axiocam 5 Color Camera
attached to a Zeiss Axiolab 5 microscope. After photodocumentation, the following
histomorphometric indexes were determined using open-source software Imagel
(version 1.54h): Collagen deposition area and mineralized area. Otsu algorithm was used
for image segmentation prior measurements [31]. Results are expressed as a % of the
control. Assays were performed in triplicate. It is noteworthy that the use of avian
embryos within the first two-thirds of development for research purposes is not covered
by European (Directive 2010/63/EU) or National (Decreto-Lei n.2 113/2013) legislations,

precluding the requirement of regulatory approval for the experimental procedures.

2.7. Statistical analysis
Statistical analysis was accomplished using the SPSS Statistics software (version
28, IBM). The normal distribution (Shapiro-Wilk’s test) and homogeneity of variances

(Levene’s test) were checked. Datasets were assessed for one-way analysis of variance

10
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(ANOVA), followed by Tukey’s post hoc test. The significance level was set at p < 0.05.

Data were displayed as mean * standard deviation (SD).

3. Results
3.1. Physicochemical characterization and release profile of MCP hydrogels

CP and MCP hydrogels were synthesized via an ionotropic gelation technique, and
the prepared gel particles were characterized for morphology, surface charge, chemical
composition and morin loading efficiency and release profile.

The interaction between morin and the chitosan-poloxamer hydrogels was
investigated by an ATR-FTIR analysis (supplementary image). In brief, since both
chitosan and poloxamer possess chemical groups vibrating at similar wavenumbers (cm"
1) of morin [32-38], it was challenging to conclusively confirm its presence within the
MCP hydrogel. However, it was evident that morin does not chemically bond with either
chitosan or poloxamer.

Optical microscopy was applied to observe the morphology and size of CP and
MCP particles, while scanning electron microscopy was used for visualizing the surface
of morin, CP and MCP particles (Figure 1). Morin (M) presents a rod like shape (Figure
1b) with no other chemical element apart from carbon and oxygen (Figure 1c). The
palladium and gold detected in the EDS results (Figure 1c) are from the coating applied
to make the sample more conductive. Macroscopically, CP particles (Figure 1d) display
a spherical type of morphology, with a subtle and translucent white hue, in addition to
an almost uniform and smooth surface (Figure le-f). Regarding the MCP particles, a
similar morphology can be noted, as well as a yellowish tone and a higher surface
roughness (Figure 1g-i). Analysis of zeta potential measurements indicates that both
particle types carry a negative surface charge. The average zeta potential value for CP is
determined to be -25.5 £ 1.4 mV, while for MCP it is -27.2 £ 1.1 mV, suggesting an

overall high stability of the particles [39].

11
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Figure 1. Characterization of morin (M) and the synthesized particles. Morin’ chemical structure
(a), morphology (b) and chemical composition (c), assessed though SEM and EDS. Light (d, g) and

SEM representative images from the surface of CP (e, f), and MCP (h, i) hydrogel particles. (n=3).

UV-vis spectroscopy evaluation revealed an encapsulation efficiency of morin
within each MCP particle of approximately 70%, as the total morin quantified in the
supernatant per unit reached approx. 35 pg/mL (data not shown). To quantify the
amount of morin leached per time from MCP particles, samples were placed into PBS
for 24 h and the supernatant was collected at selected timepoints (30 min to 24 h).
Throughout the assessed period, morin release peaked at 30 min reaching
approximately 50%, and progressively dropped until 6 h (Figure 2). Thus, the percentage

of morin release was about 90% after 6 h.

12



O© o0 39 N wn B~ W=

[\ T O T O R O N N R e e e e T e D e T e T
AW = OO0 N N R WD = O

100 4

S
)
)
o
° 504
(14
£
S
o
=
0 I I I I

1
0.5h 1h 3h 6 h 24 h
Figure 2. Cumulative released morin from the loaded chitosan-poloxamer (MCP) particles

assessed by colorimetric evaluation. (n=3, SD 1.7 — 5.6%).

3.2. Cytotoxicity and pro-osteogenic potential of morin

The cytocompatibility of morin dissolved in DMSO was assessed using in vitro
HBMSCs cultures. In comparison to control (0 pg/mL of morin), cells incubated for 7 days
with morin at 10 and 50 pug/mL presented analogous metabolic activity, evidencing its
cytocompatibility (Figure 3a). At a concentration as high as 100 pg/mL, metabolic
activity was found to be significantly reduced (i.e., approx. 30%) in relation to control
and lower concentrations of morin. To evaluate whether morin induced osteogenic
effects in early cultures of HBMSCs, ALP activity was quantitatively assessed. As
displayed in Figure 3b, low concentrations of the compound (i.e. 10 pg/mL) seemed to
not induce significant changes in the ALP levels. However, at 50 pug/mL, a significant
increase was noted, while a clear reduction was attained with 100 pg/mL. Cell
morphology was observed using fluorescence microscopy (Figure 3, lower panel).
Control cultures were uniform and predominantly forming cellular clusters. HBMSCs
exhibited an elongated cytoskeleton, with abundant parallel actin stress fibers across
their cytoplasm and spike-shaped membrane protrusions were widespread. Rounded
and defined nuclei were evident. Cells from all experimental groups were found to be
alike regarding their morphology and organization. Nonetheless, cells incubated with
100 pg/mL morin seemed to be less confluent in comparison to other groups, aligning

with the observed reduced metabolic activity.

13
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Figure 3. In vitro biological characterization of morin. Normalized metabolic activity (a),
guantitative ALP activity (b) and representative fluorescent images of cell morphology (lower
panel) of HBMSCs cultivated in osteogenic medium and morin for 7 days. Control (Morin at 0
ug/mL) is set at 100%. Stained F-actin is displayed in green, while nuclei were counter-stained
in blue. Scale bar corresponds to 100 um. * Statistically different from control. # Statistically
different from other experimental groups. p < 0.05. Metabolic and ALP activities, n=5. Cell

morphology, n=3. SD 3.2 to 6.6%.

3.3. Cytotoxicity and pro-osteogenic potential of CP and MCP hydrogels

Firstly, the metabolic activity of HBMSCs was evaluated when cells were
incubated with hydrogel leachates. As shown in Figure 4, all isolated leachates from CP
hydrogel and MCP hydrogel increased the cellular metabolic activity at both timepoints
(24 h and 7 days). It is worth noting that the 30-min leachates induced the highest
increase at both timepoints, and exposure to MCP hydrogel leachates resulted in
significantly higher values in comparison to control, at 24 h (Figure 4a), tendency that

was kept at 7 days (Figure 4b).

14
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Figure 4. Normalized metabolic activity of HBMSCs cultivated with leachates of chitosan-
poloxamer hydrogels (CP and MCP) for 24 h (a) and 7 days (b). X axis values represent the
timepoints of leachates’ collection. Control (absence of leachates of the referred timepoint) is

set as 100%. * Statistically different from control. p < 0.05, n=5. SD 5.4 to 19.7%.

HBMSCs were also cultured for 7 days in indirect contact with assembled
particles (CP or MCP) using Transwell-mounted plates. As displayed is Figure 5a, CP
particles promoted an increased metabolic activity compared to the control, while MCP
particles values remained similar to the control. Oppositely, only the formulation
containing morin induced an upregulation of ALP activity in comparison to control
cultures (Figure 5b). This is in line with the results observed from morin-only incubation
at 50 pg/mL (Figure 4). Likewise, HBMSCs’ morphology was found to be unaffected in

the presence of gels (Figure 5, lower panel).
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Figure 5. Normalized metabolic and ALP activity (upper panel) and representative fluorescent
images (lower panel) of HBMSCs cultivated indirectly with chitosan-poloxamer gels (blank and

containing morin) in osteogenic medium for 7 days. Control (C, absence of particles) is set as
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100%. F-actin is stained in green, and nuclei were counter-stained in blue. Scale bar is set as 100
um. * Statistically different from control. p<0.05. Metabolic and ALP activities, n=5, Cell
morphology, n=3. SD 9.5 — 13.9%.

3.4. Pro-osteogenic effect of CP and MCP particles in organotypic bone model

The pro-osteogenic activity of the particles was further evaluated through their
direct contact to organotypic cultures of segmented chicken femora for 11 days. As
noted in figure 6a, the fractured area from control femora presented an irregular
morphology, composed primarily of cartilage (in blue), with diminished amounts of
collagen (in red) on the edge of the fracture. Unexpectedly, both particles were stained
in red. Moreover, the amount of collagenous tissue on the edge of the fractured femora
was greater, particularly in the MCP particle group, confirmed by the quantitative
analysis (Figure 6c). Differences among groups seemed to be less evident with VK’s
staining (Figure 6b). Nonetheless, experimental groups presented trabeculae through
the outer layer of femora, indicating a further developed mineralization, which resulted

in significantly increased mineralized area (Figure 6c).
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Figure 6. Representative images of histological sections of the organotypic bone model. Femora
were fractured and involved with chitosan-poloxamer gels (blank and containing morin).
Samples were incubated for 11 days. (a) Femora sections were stained with Alcian Blue with
Sirius Red AB/SR (particles were stained in red), and (b) Von Kossa. Scale bar was set as 1 mm.
(c) Quantitative analysis of collagen deposition and mineralized area. Control (absence of
particles) is set as 100%. *Statistically different from control. # Statistically different from other

experimental samples. * p < 0.05, n=3. SD 8.8 — 12.4%.

4. Discussion

In this study, chitosan-poloxamer hydrogels loaded with morin hydrate (MCP)
were firstly synthesized and physiochemically studied in hydrogels. Based on the ATR-
FTIR results of morin and the CP and MCP hydrogels, it was evident that morin does not
chemically bond with either chitosan or poloxamer, indicating that morin is entrapped
within the matrix without altering its chemical structure, as observed in other studies
[40-42]. Analysis of zeta potential measurements indicates that both particle types (CP

and MCP) carry a negative surface charge, suggesting an overall good dispersion stability
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of the particles. Zeta potential plays a crucial role in evaluating particle dispersion
stability and exerts a significant influence on biological response [39]. The magnitude of
the zeta potential reflects the repulsive forces within the particle dispersion. It has been
observed that hydrogels with a zeta potential value exceeding -25 mV tend to exhibit
stability due to electric repulsion among the particles [39].

In the current study, morin alone or loaded in chitosan-poloxamer particles
increased the expression of the osteogenic markers: ALP activity, collagen deposition
and bone mineralization. Additionally, the cytocompatibility of morin was observed at
concentrations of 10 and 50 pg/mL in HBMSCs exposed for 7 days. However, at 100
ug/mL, morin significantly reduced cell metabolic activity. In addition, morin at 50 ug/mL
promoted a significant increase on ALP activity by HBMSCs. These findings are in line
with previous studies, where morin was found to be cytocompatible at a concentration
range of 25-75 pg/mL using mesenchymal stem cells [11] and its half-maximal inhibitory
concentration (ICso) was approx. 250 uM (80 pg mL?) in human leukocytes [16].
Furthermore, in vivo investigations demonstrated that morin is well tolerated by
humans, with no adverse effects being observed at doses up to 300 mg/Kg [17].

To evaluate the developed formulations with and without morin, two different
in vitro approaches were performed using HBMSCs. Firstly, the leachates obtained from
CP and MCP hydrogels at predetermined timepoints were added to culture media and,
secondly, by an indirect incubation, where permeable inserts carrying CP and MCP
particles allowed a continuous flux of its leachates to the cultures for 7 days.

Leachates collected after 30 min (the maximum morin release, as observed in
Figure 2) induced the highest metabolism increase at 24 h and 7 days timepoints for
both hydrogels. On the contrary, when cultured indirectly, CP particles promoted an
increased metabolic activity in relation to control, while MCP particles induced a
significant increase on ALP activity.

Vimalraj et al. [43] assessed morin and morin-zinc complexes using different cell
lines (e.g., human osteoblast-like cells (MG-63), mouse mesenchymal stem cells and rat
myoblast cells) and no cytotoxic effects were noted at concentrations up to 60 uM (20
ug/mL). Interestingly, when cultured with morin at this concentration, MG-63 cells
exhibited a significant increase in ALP activity, calcium deposition, gene expression of

osteogenic-related genes (i.e., RUNX2 and COL1A1) and secretion of osteocalcin (OCN)
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and osteonectin, evidencing the osteogenic effects of morin. Similarly, mesenchymal
stem cells also showed a remarkable increase on ALP, calcium deposition and the
expression of the osteogenic genes Runx2, ALP, OCN and ColAl when cultured with
morin (at 0.6 ug/mL) and osteogenic medium for 14 days [11].

Few studies have examined the osteogenic potential of chitosan-based drug
delivery systems containing morin [28, 42]. Ultraviolet-cross-linkable-chitosan carbon
dots-morin hydrogel also increased collagen expression and proliferation in
chondrocytes, and cartilage and subchondral bone tissue repair in rats [28]. The
effectiveness of morin encapsulated chitosan nanoparticles (MCNPs) were evaluated
against arsenic induced liver damage in mice. MCNPs suppressed the arsenic induced
pro- and anti-apoptotic parameters and attenuated the level of inflammatory mediators
[42]. The thermosensitivity of poloxamer 407 is also a key advantage for oral application
such as apical periodontitis, since its viscosity tends to increase in temperatures above
30 °C, maintaining the formulation stability for longer periods [27,37]. In addition,
studies indicate that poloxamer 407 is also bioactive, fostering wound healing through
neo-angiogenesis, cell migration and collagen deposition and maturation [44,45].

Lastly, the osteogenic activity of CP and MCP particles was evaluated on
organotypic cultures of chicken femora. This ex vivo model preserves the three-
dimensional matrix of the bone tissue, fundamental to cellular differentiation and tissue
development [46]. Moreover, the developing femur possesses undifferentiated
progenitor cells, being highly responsive to external stimuli and may mimic the open
apex of teeth, holding translational relevance to the apical development [47].

As observed in Figure 6, experimental groups (CP and MCP particles) presented
enhanced collagen deposition in relation to control, and specimens treated with MCP
particles showed the highest collagen deposition and mineralized areas on the fractured
femora. Comparatively, it has been documented [11] that the administration of morin
improved bone regeneration in animal models with calvaria critical defects in a dose-
dependent manner (50, 100 and 150 mg/kg/day). In another study, intraperitoneal
morin administration in rats with osteoporosis (induced by dexamethasone) increased
the number of trabecular bones through the regulation of MAPK signaling pathway [25].

Ultraviolet-cross-linkable-chitosan carbon dots-morin hydrogel also increased collagen
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expression and proliferation in chondrocytes, and cartilage and subchondral bone tissue

repair in rats [28].

5. Conclusions

This study reports for the first time the suitability of chitosan-poloxamer carriers
to be loaded with morin and, further, to be an effective vehicle to delivery polyphenols
such as this molecule, presenting a release profile compatible with optimal cellular
function.

The chitosan-poloxamer hydrogels were comprehensively evaluated in vitro,
demonstrating high cytocompatibility. Moreover, the osteogenic potential of morin is
demonstrated, as cells exhibit enhanced proliferation and differentiation, evidenced by
heightened metabolic and ALP activity, respectively. This is further supported by the
results in the ex vivo model analysis, where the collagen deposition and mineralization
are elicited by the developed particles.

Taken together, the attained data converge to demonstrate the potential of
morin loaded chitosan-poloxamer carriers to be used as therapeutic alternative for

apical inflammatory condition.
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List of Figure legends:

Figure 1. Characterization of morin (M) and the synthesized particles. Morin’ chemical structure
(a), morphology (b) and chemical composition (c), assessed though SEM and EDS. Light (d, g) and
SEM representative images from the surface of CP (e, f), and MCP (h, i) hydrogel particles. (n=3).
Figure 2. Cumulative released morin from the loaded chitosan-poloxamer (MCP) particles
assessed by colorimetric evaluation. (n=3, SD 1.7 — 5.6%).

Figure 3. In vitro biological characterization of morin. Normalized metabolic activity (a),
guantitative ALP activity (b) and representative fluorescent images of cell morphology (lower
panel) of HBMSCs cultivated in osteogenic medium and morin for 7 days. Control (Morin at 0
ug/mL) is set at 100%. Stained F-actin is displayed in green, while nuclei were counter-stained
in blue. Scale bar corresponds to 100 um. * Statistically different from control. # Statistically
different from other experimental groups. p < 0.05. Metabolic and ALP activities, n=5. Cell
morphology, n=3. SD 3.2 to 6.6%.

Figure 4. Normalized metabolic activity of HBMSCs cultivated with leachates of chitosan-
poloxamer hydrogels (CP and MCP) for 24 h (a) and 7 days (b). X axis values represent the
timepoints of leachates’ collection. Control (absence of leachates of the referred timepoint) is
set as 100%. * Statistically different from control. p < 0.05, n=5. SD 5.4 to 19.7%.

Figure 5. Normalized metabolic and ALP activity (upper panel) and representative fluorescent
images (lower panel) of HBMSCs cultivated indirectly with chitosan-poloxamer gels (blank and
containing morin) in osteogenic medium for 7 days. Control (C, absence of particles) is set as
100%. F-actin is stained in green, and nuclei were counter-stained in blue. Scale bar is set as 100
um. * Statistically different from control. p<0.05. Metabolic and ALP activities, n=5, Cell
morphology, n=3. SD 9.5 — 13.9%.

Figure 6. Representative images of histological sections of the organotypic bone model. Femora
were fractured and involved with chitosan-poloxamer gels (blank and containing morin).
Samples were incubated for 11 days. (a) Femora sections were stained with Alcian Blue with
Sirius Red AB/SR (particles were stained in red), and (b) Von Kossa. Scale bar was set as 1 mm.
(c) Quantitative analysis of collagen deposition and mineralized area. Control (absence of
particles) is set as 100%. *Statistically different from control. # Statistically different from other

experimental samples. * p < 0.05, n=3. SD 8.8 — 12.4%.
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