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Abstract: This study aims to evaluate the effect of chitosan (CS) scaffold, alone, and the potential
synergistic effect when impregnated with simvastatin (SIM), on immortalized human bone-marrow
mesenchymal stem cells (hbMMSCs) compared to CollaCote (CL). CS scaffolds were fabricated and
seeded with immortalized hBMMSCs. Samples were divided into control groups (negative with no
added material and positive with CL added) and four experimental groups: CS alone, CS/SIM 0.01,
0.03, and 0.05 mg, respectively. Cell viability, osteoblastic differentiation and calcium deposition were
investigated via AlamarBlue, alkaline phosphate activity assays and alizarin red S staining at 1 and
14 days, respectively. At day one, no significant difference was noted between the groups regarding
cell viability. However, all CS/SIM groups showed significant cutback at day 14 in cell proliferation
compared to CS alone and CL groups (p < 0.001). All groups supported osteoblastic differentiation
with no significant difference. Alkaline phosphate activity increased in both time periods in the
CS/SIM 0.05 mg group compared to the other SIM groups, with no significant difference among the
experimental groups. Chitosan scaffold is a bioactive compatible material capable of regenerative
potential of hBMMSCs and a promising material to be used for perforation repair.
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1. Introduction

Tissue engineering (TE) is advancing fast in dentistry aiming to guide cell destiny into
differentiating into osteo/odontoblastic cells. Successful tissue regeneration requires the
presence of three main components: stem cells, growth factors, and a scaffold [1]. Preparing
scaffolds seeded with different types of cells and growth factors is the most popular technique
for TE [2]. Chitosan (CS) is a natural, nontoxic cationic biopolymer of glucosamine and N-
acetylglucosamine obtained after partial alkaline deacetylation of chitin, the main component
of crustacean exoskeletons [3]. Structurally, it is similar to glycosaminoglycans (GAGs), which
are important structural elements of the extracellular matrix of many tissues [4]. Hence, it has
generated great interest in multiple medical fields, particularly for TE and wound healing. CS
is biocompatible and biodegradable into nontoxic components, and has hemostatic potential
and anti-inflammatory and antimicrobial properties; it promotes cell adhesion, proliferation,
and differentiation [3]. The adequate pore sizes of CS, and the ability to modify it and
combine it with other polymers, have facilitated the development of a wide range of scaffolds
for the regeneration of many tissues, including bone, neural and vascular tissues, cartilage,
and skin [4]. Recently, a porous CS scaffold was produced and proven to be capable of
increasing the regenerative potential of dental pulp cells and odontoblastic differentiation [5].
Furthermore, resolution of periapical lesions, increase in root thickness and length, and
high vascularized connective tissues in the root canal space was shown histologically in
regenerative endodontic procedures using chitosan scaffolds [6].

Simvastatin (SIM), a 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitor,
is a widely used statin and a well-established cholesterol-lowering drug [7]. Pioneering
work demonstrated that statins, particularly SIM and lovastatin, increase the expression
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of bone morphogenic protein 2 (BMP-2) in osteoblasts and encourage bone formation [8].
Subsequent studies supported these findings, showing that statins continuously stimulate
the expression of bone anabolic factors (e.g., vascular endothelial growth factor and BMP-2)
and promote osteoblast differentiation and mineralization [8-10]. Additionally, statins
suppress osteoclast differentiation which reflects positively on bone pathologies, such
as osteoporotic fracture [11,12]. From an endodontic perspective, dental pulp stem cells
treated with SIM showed increased odontogenic differentiation and accelerated formation
of mineralized tissue, and are considered to be potential supplemental pulp-capping
agents [13,14]. To our knowledge, no study has investigated the effect of CS scaffold, alone
or with SIM impregnation, on human bone-marrow mesenchymal stem cells (hBMMSCs)
and on osteoblastic differentiation specifically nor compared it to the most commonly used
scaffold in endodontic wound healing, CollaCote (CL). In addition, no study has defined
a known reliable SIM effective dose for cell proliferation and osteoblastic differentiation.
Thus, the aim of this study was to develop CS scaffolds, with and without SIM, evaluate
their effect and the potential synergistic outcome of the two materials on hBMMSCs and
compare it to CollaCote. Two null hypotheses were tested:

1.  There is no difference between the combined use of CS scaffold and SIM and their
individual use in osteoblastic differentiation of hBMMSCs.

2. These scaffolds show no difference in osteoblastic differentiation when compared
to CollaCote.

2. Materials and Methods
2.1. Chitosan Scaffold Fabrication

The study was approved by the ethics of committee and institutional review board of our
corresponding institute (Project No. E-19-3930—May 2019). To prepare a polymeric solution,
1 g high-molecular-weight CS (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 20 mL 5%
aqueous acetic acid (ReagentPlus®, >99%; Sigma-Aldrich, St. Louis, MO, USA) in a 100 mL
flask at room temperature with continuous stirring. After complete dissolution, 1% SIM
(Merck & CO, Jersey, NJ, USA) was added with continuous stirring until the solution became
very viscous. This solution was concentrated to 2/3 by solvent evaporation then salt (NaCl)
microparticles sized between 80-120 pm was used as porogen and immersed in the viscous
solutions. The resulting suspensions were homogenized at room temperature by sonification
for 20 min in an ultrasonic bath. The mixture was then cast on Teflon plates (Sirona, London,
UK) and allowed to dry at 25 °C for 24 h, then under vacuum at 40 °C for 48 h. The porous
scaffold was obtained by extraction of the porogen from the polymeric material, washing it
five times in excess water to dissolve all of the NaCl porogens, followed by drying it again
in a vacuum oven until constant mass achieved. The resulting scaffolds were 0.5 mm-thick
sheets of random dimensions, ready to be cut into the desired diameters [5,15]. The porous
CS/SIM scaffold preparation steps are shown in Figure 1.
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Figure 1. Preparation of porous chitosan/simvastatin scaffold. (1) Chitosan/simvastatin concentrated
solution with NaCL microparticles used as porogens. (2) Porogen extraction to obtain porous scaffold.

2.2. Scanning Electron Microscopy

The overall surface and internal morphology of the scaffolds were examined by
scanning electron microscopy (SEM) at 10 kv (JSM-6360LV; JEOL Ltd., Tokyo, Japan). The
specimens were mounted with double-sided adhesive on aluminum sample holders, and
sputter coated with gold (~20-30 nm thickness) to avoid charging during observation [5].

2.3. Cell Culture

Immortalized hBMMSCs (hTERTt-MSC-C1) were provided by the Stem Cell Laboratory,
Medical College of King Saud University, King Khaled University Hospital, Riyadh, Saudi
Arabia. The cells were cultured in Dulbecco’s modified Eagle’s medium (GlutaMAX™;
Thermo Fisher, Los Angeles, CA, USA) supplemented with 10% fatal bovine serum (Gibco,
Carlsbad, Los Angeles, CA, USA), 100x non-essential amino acid solution (UFC Biotech,
Buffalo, NY, USA), and 100x penicillin-streptomycin (pen-strep) solution (UFC Biotech,
Buffalo, NY, USA). The cultures were maintained at 37 °C in a humidified atmosphere (5%
CO,, 95% air) [16]. Cultures between the second and seventh passages were used.

2.4. Scaffold Sterilization

The scaffolds were cut into squares (5 X 5 mm) and exposed to ultraviolet light for
30 min. Then, 70% ethanol was applied, and the scaffolds were washed twice in phosphate-
buffered saline (PBS) and left to dry for 10 min [5,16].

2.5. Group Allocation

The cells were divided into six groups: negative control, positive control with Colla-
Cote (CUTANPLAST®DENTAL, Milan, Italy), CS alone, CS with 0.01 mg SIM, CS with
0.03 mg SIM, and CS with 0.05 mg SIM.

2.6. Examination of Osteogenic Differentiation

The scaffolds were dispensed in 24-well and 94-well plates according to the group
distribution and the cells were seeded at a density of 100,000/well after reaching 80%
confluency. The cells were supplemented with 50 ng/mL L-ascorbic acid (Winlab Ltd.,
London, UK), 10 mM B-glycerophosphate (Sigma Aldrich, Munich, Germany), 100 nM
dexamethasone (Sigma Aldrich, Munich, Germany), 10 nM cholecalciferol (Sigma Aldrich,
Munich, Germany), and 100 U/10 ug pen-strep solution (UFC Biotech, Buffalo, NY, USA).
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Cells in all groups were cultivated for 1 and 14 days in a humidified atmosphere, with
changing of the media every 3 days, followed by continuous live cell observation under an
Axiovert 40 C light microscope (System Contraves & Sec, Carl Zeiss, Thornwood, NY, USA).

Cell viability was tested using the alamarBlue (AB) assay in the 94-well plate. AB
dye (200 puL; Thermo Fisher, LA, CA, USA) was added to each well, and the plate was
covered with aluminum foil and incubated for 1 h at 37 °C in a humidified atmosphere.
Absorbance of the plate at 405 nm was then measured in a microplate reader (Synergy;
BioTek Instruments, Winooski, VT, USA) [5,16].

An alkaline phosphate (ALP) activity assay was used in the 24-well plate to examine
osteoblastic differentiation. The wells were rinsed with 200 uL PBS and fixed by the addition of
50 pL fixative solution (3.7% formaldehyde-90% ethanol) (Sigma Aldrich, Munich, Germany),
then incubated at room temperature for 30 s. Next, 50 uL p-nitrophenyl phosphate solution
was added to each well to assay protein. The plate was covered with aluminum foil and
incubated for 1 h at room temperature in the dark. The reaction was stopped by the addition
of 20 uL stop solution to each well. Absorbance of the plate at 405 nm was measured in a
Synergy microplate reader (Synergy; BioTek Instruments, Winooski, VT, USA) [5,16].

To confirm calcium deposition, the specimens were set, in the same 24-well plate,
with 4% paraformaldehyde in PBS solution for 15 min at room temperature. Next, each
well was rinsed with 1 mL PBS, and 0.05 mL alizarin red S solution (pH 4.2; ScienCell™,
Carlsbad, CA, USA) was added. The plate was covered with aluminum foil and incubated
for 30 min at room temperature in the dark, with gentle rocking every 10 min. The dye
was removed, and the wells were washed seven times with distilled water. Followed by
adding 1 mL of distilled water into each well to prevent the cells from drying out, and
the samples were visualized and photographed (EOS 750D; Canon, Tokyo, Japan) under a
light microscope (100 pm, Axiovert 40C; System Contraves & Sec, Carl Zeiss, Thornwood,
NY, USA) [5,16]. All assays were performed in triplicate.

2.7. Statistical Analysis

Means and standard deviations were used to summarize the data, and one-way
analysis of variance (ANOVA) and the Games-Howell post-hoc test were performed. Data
from days 1 and 14 were compared using the paired-sample t-test. p values < 0.05 were
considered to be significant. The SPSS software (ver.26.0 for Windows; IBM Corporation,
Armonk, NY, USA) was used for data analysis.

3. Results
3.1. Scaffold Morphology

SEM revealed at the scaffold surface its homogenous architecture and confirmed the
presence of SIM as particle aggregation in the SIM-impregnated CS scaffolds (Figure 2A-C).

1BkY-  X1,800 ~18mm

Figure 2. Conts.



Appl. Sci. 2021, 11, 5346

50f9

Figure 2. Scanning electron microscopic images of the (A) chitosan scaffold surface (1000x), and (B)
the chitosan scaffold surface with simvastatin (1000 x). (C) chitosan scaffold internal morphology
(2500x). Arrows indicate simvastatin presence.

3.2. Osteogenic Differentiation

All variable findings are summarized in Table 1.

Concerning cell viability, no significant difference was noted between the groups in
Day 1 (p = 0.064). However, AB values were significantly lower at day 14 in all SIM groups
when compared to CS alone and CollaCote groups, indicating a significant cutback in the
cells proliferation when cultivated with SIM (p < 0.001) (Figure 3). No significant difference
was noted between the groups regarding osteoblastic differentiation (p > 0.05). CS/SIM
0.05 mg increased ALP activity in both time periods compared with the other two SIM
groups (Figure 4), however, these differences were not statistically significant between SIM
groups nor between time periods (p > 0.05). Calcium deposition was presented by alizarin
red S staining (Figure 5A,B).
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Figure 3. AlamarBlue values indicating cell viability on day 1 and 14. ° a significant difference (p < 0.05).
AB, AlamarBlue; CS, chitosan; SIM, simvastatin.
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Figure 4. Alkaline phosphate activity for the SIM dose response on day 1 and 14. ALP, alkaline
phosphate activity; CS, chitosan; SIM, simvastatin.
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Figure 5. Alizarin red S staining images of the SIM dose response on (A) day 1 and (B) day 14. SIM,
simvastatin. Arrows indicate mineralized matrix formation.

Table 1. AB and ALP data in days 1 and 14.

AB ALP

Group Day 1 Day 14 Day 1 Day 14
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Negative 124.67 (31.13) 1.03 (0.21) 0.46 (0.27) 1.19 (0.26)
Collacote-Positive 167.83 (29.63) 378 (132.55) 0.64 (0.19) 1.05 (0.36)
CS alone 198.67 (79.96) 179.67 (15.24) 0.51 (0.29) 0.52 (0.27)
CS/SIM 0.01 125.33 (7.74) 1.05 (0.07) 0.30 (0.19) 0.37 (0.05)
CS/SIM 0.03 124.83 (17.33) 1.06 (0.12) 0.25 (0.07) 0.62 (0.52)
CS/SIM 0.05 125.33 (15.06) 1.12 (0.06) 0.74 (0.74) 0.80 (0.41)

AB: AlamarBlue, ALP: Alkaline Phosphatase, SD: Standard deviation, CS: Chitosan, SIM: Simvastatin.

4. Discussion

CS-based treatments have been proposed in dentistry to eliminate bacteria and pro-
mote dentin and bone remineralization [17]. Biological substances seeded in the scaffolds
are released and implanted in the body, directly influencing the behavior of ingrowing
cells and thereby increasing the amount and quality of tissue neogenesis [18]. Thus, we
fabricated CS scaffolds, with and without SIM, and investigated their outcome when in
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contact to cells regarding their growth, osteoblast differentiation, and matrix mineralization.
Previous studies have shown that both CS and SIM promote proliferation and osteoblas-
tic/odontoblastic differentiation of mesenchymal stem cells, supported by ALP production,
mineralization, and bone sialoprotein expression [5,16,19]. Furthermore, the incorporation
of SIM into scaffolds including CS in previous in vitro studies showed no adverse effect
on cell viability, enhanced cell proliferation, and mineralization [20,21]. Our results are in
agreement with these studies in using CS alone, where the cells were able to proliferate and
present differentiation patterns on the scaffold structure while SIM did not promote cell pro-
liferation within all groups and only supported cell differentiation. The range of SIM doses
is broad in the literature and varied values have been reported as optimum concentrations;
0.01-1 pumol/L SIM was shown to have a stimulatory effect on osteoblastic/odontoblastic
differentiation of mesenchymal stem cells (MSC) [14], 0.2 uM SIM was found to be the
ideal concentration for mouse bone marrow MSC proliferation [22], 10~8 M was reported
to be the optimum dose for periodontal ligament cell osteoblastic differentiation [23] and
recently 0.1 umol/L SIM was selected as the bioactive dose for dental pulp cell migration
and odontoblastic differentiation [5]. Doses above 0.1 uM were reported cytotoxic [24] and
in other studies, 1 pM and 5 uM were reported as the cytotoxic doses that significantly
inhibited MSC proliferation [24,25]. Furthermore, SIM concentrations higher than 0.5 mM
showed a reduction in cell proliferation [22]. These different findings can be explained in
that statins induce their beneficial effect on cell proliferation only at specific concentrations
and can be highly cytotoxic if above the optimum concentration level. In addition to
concentration, statins” hydrophilicity or hydrophobicity can regulate their cellular toxic-
ity [26,27]. SIM molecule hydrophobicity enables passive penetration into cell membranes
causing its cytotoxicity thus inhibiting cell proliferation [26]. While we chose to evaluate
lower doses, based on the nearest aims of these studies to our research purpose [5], we can
still assume that they had some cytotoxic effects. Overall, statins enhance the expression of
proteins associated with osteogenic differentiation, increasing the activity of ALP which
is fundamental for extracellular matrix (ECM) formation and osteogenic differentiation
indicating osteoblast maturation [27]. The regenerative potential of SIM-supplemented
CS scaffolds was reported to be dose-dependent [14,22,23]. However, our results showed
no significant differences between the groups. Few studies declared different time point
outcome, yet mineralization with SIM was found to be time dependent [9], which was in
agreement with our ALP activity values and mineralization results but not with the AB
values. The encountered differences between our present investigation and previously
achieved results are probably due to the wide variety of SIM concentrations used in the
literature, and our focus on the hBMMSCs osteoblastic differentiation rather than the
different types of MSCs and odontoblastic differentiation investigated in the previous
studies. Chitosan scaffolds contribute a promising role in osteoblastic differentiation and
mineralization. This scaffold similarity to GAGs increased its desirable characteristics and
advantageous outcome. Furthermore, the positively charged amine group (NHs*) plays
an important role in establishing an electrostatic bonding with GAGs from host tissue
hence allowing CS to interact with the surrounding extracellular matrix with no foreign
body reaction. In addition, the NH** NHj3* establishes CS ability of cross-linking which
indicates the possibility of the drug release, polymer degradation rate, and mechanical
properties to be modulated [4]. Additionally, new tissue deposition can benefit from the
CS porous architecture growing inside its structure, especially when loaded with drug
generating a faster and more direct impact on the behavior of ingrowing cells. Hence,
CS-SIM scaffolds are convenient for TE due to their ability to provide a biocompatible and
bioactive scaffold capable of stimulating the osteogenic potential of host cells. Therefore,
these scaffolds can be considered an interesting potential material for osteogenic differ-
entiation and perforation repair clinically. Nevertheless, bearing in mind the limitations
encountered in this in vitro study, further research should be conducted to determine the
ideal SIM concentration for scaffold loading for bone regeneration, to examine the timing
of its release and activity, and to expand the research of in vivo models.
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5. Conclusions

CL and CS have shown cell growth and regenerative potential which is essential in
bone tissue healing and perforation repair clinically. However, SIM showed controversial
results, hence, adding it to a scaffold might not be clinically significant.
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