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Assessment of the regenerative 
potential of macro-porous 
chitosan-calcium simvastatin scaffolds 
on bone cells

Abstract: This study evaluated the bioactive potential of a  
macro-porous chitosan scaffold incorporated with calcium hydroxide 
(CH-Ca) and functionalized with bioactive doses of simvastatin 
(SV) for bone tissue regeneration. Initially, the bioactive dose of 
SV in osteoblastic cells (SAOS-2) was determined. For the direct 
contact experiment, SAOS-2 cells were plated on scaffolds to assess 
cell viability and osteogenic differentiation. The second assay was 
performed at a distance using extracts from scaffolds incubated in 
culture medium to assess the effect of conditioned medium on viability 
and osteogenic differentiation. The initial screening showed that 1 μM 
SV presented the best biostimulating effects, and this dose was selected 
for incorporation into the CH-Ca and pure chitosan (CH) scaffolds. 
The cells remained viable throughout the direct contact experiment, 
with the greatest cell density in the CH-Ca and CH-Ca-SV scaffolds 
because of their higher porosity. The CH-Ca-SV scaffold showed the 
most intense bio-stimulating effect in assays in the presence and 
absence of osteogenic medium, leading to an increased deposition 
of mineralized matrix. There was an increase in the viability of cells 
exposed to the extracts for CH-Ca, CH-SV, and CH-Ca-SV during the 
one-day period. There was an increase in ALP activity in the CH-Ca 
and CH-Ca-SV; however, the CH-Ca-SV scaffold resulted in an intense 
increase in the deposition of mineralized nodules, approximately 
56.4% at 7 days and 117% at 14 days, compared with CH (control). 
In conclusion, functionalization of the CH-Ca scaffold with SV 
promoted an increase in bioactivity, presenting a promising option for 
bone tissue regeneration.

Keywords: Chitosan; Simvastatin; Tissue Engineering.

Introduction

Bone defects frequently occur as a result of trauma, tumors, bone 
infections, avascular necrosis, or inherited malformations. The high 
frequency of bone vulnerability to trauma and fractures has attracted 
extensive research in the field of tissue regeneration.1 Any part of the 

Declaration of Interests: The authors 
certify that they have no commercial or 
associative interest that represents a conflict 
of interest in connection with the manuscript.

Corresponding Author:
Diana Gabriela Soares 
E-mail: dianasoares@fob.usp.br

https://doi.org/10.1590/1807-3107bor-2023.vol37.0018

Submitted: December 9, 2021 
Accepted for publication: August 15, 2022 
Last revision: September 21, 2022

1Braz. Oral Res. 2023;37:e018

htttps://orcid.org/0000-0002-1804-9625
htttps://orcid.org/0000-0002-4178-5794
htttps://orcid.org/0000-0001-5290-7614
htttps://orcid.org/0000-0002-2336-876X
htttps://orcid.org/0000-0002-3069-5216
htttps://orcid.org/0000-0002-5995-5747
htttps://orcid.org/0000-0003-2348-7846
htttps://orcid.org/0000-0002-7455-6867
htttps://orcid.org/0000-0002-1485-6104


Assessment of the regenerative potential of macro-porous chitosan-calcium simvastatin scaffolds on bone cells

missing bone must be replaced with a suitable, 
functional substitute, and this has been challenging 
because of the hierarchical and complex structure 
of the bone tissue that supports several mechanical, 
biological, and chemical functions.1 

The natural bone healing process begins with an 
inflammation stage, starting immediately after the 
fracture and lasting up to several days. During this 
stage, the blood clot present in the fracture site creates 
a stable structure for new bone formation. Later, this 
clot is replaced by fibrous tissue and collagen, which 
are mineralized weeks after the fracture. Thus, bone 
remodeling can occur over several months. The most 
common approaches for the reconstruction of bone 
defects comprise the use of autografts, allografts, 
xenografts, and alloplastic substitutes. In some 
situations, these materials are associated with possible 
immunogenic rejection of the recipient patient, donor 
site with limited availability, or disease transmission.2 
Thus, the use of these grafts in large bone wounds  
remains challenging.1

Tissue engineer ing has int roduced new 
therapeutic strategies for bone regeneration, 
involving the combination of three-dimensional (3D) 
scaffolds that provide a structured and temporary 
extracellular matrix model, and biofactors, which 
guide cell activity in the target tissue and promote 
bone regeneration3 effectively. Scaffolds can be 
designed in terms of macro-, micro-, and nano-
architecture; chemical composition; and mechanical 
performance to promote optimal cellular activity 
and ideal degradability.3 This technology is based 
on the implantation of scaffolds in patients to 
induce tissue regeneration mediated by resident 
cells (cell-homing), or by incubating cell-seeded 
scaffolds in vitro to speed up tissue deposition in 
vivo (cell transplantation).4

In the cell-homing strategy, scaffolds must have 
an interconnected macro-porous structure and 
be associated with bioactive factors that promote 
the chemotaxis of resident cells, their osteogenic 
differentiation, and new tissue deposition. In our 
group’s prior studies, a technology was developed 
to modulate the porosity of chitosan scaffolds 
based on the incorporation of calcium hydroxide 
(Ca(OH)2) as a bioactive mineral phase, generating 

a chitosan-calcium scaffold (CH-Ca) containing a 
highly organized, interconnected macro-porous 
network, which positively influenced the infiltration 
and osteo/odontogenic differentiation of human 
dental pulp cells.5 The incorporation of simvastatin 
(SV) as a bioactive molecule at predetermined 
doses substantially increased the potential of this 
scaffold as a cell-homing platform to modulate 
dentin regeneration.6

Several studies have demonstrated that when 
scaffolds are associated with statins, their capacity to 
promote bone tissue regeneration increases in vitro 
and in vivo.7,8 This finding occurs because statins can 
induce the osteoblastic phenotype in mesenchymal 
stem cells (MSCs) from bone marrow,9 as modulate 
inflammation and angiogenesis in several tissues.10,11 
Recent studies on this topic have concluded that the 
local administration of statins incorporated into 
biomaterials seems more reliable than systemic 
administration for bone regeneration. However, 
depending on the dose released, statins can accelerate 
or delay the formation of new mineralized tissue.12 
Thus, this study evaluated the bioactive potential of a 
CH-Ca scaffold incorporated with bioactive SV doses 
for bone tissue regeneration. We hypothesized that 
the chitosan-calcium structure associated with a low 
SV dose has a synergistic bioactive effect, favoring 
osteoblastic differentiation and the deposition of 
mineralized matrix in vitro.

Methodology

Screening for bioactive doses of SV 
Initially, dose- and time-response assays of 

bioactive SV concentrations were performed at 
different pre-treatment times on osteoblastic 
lineage cells obtained from osteosarcoma (SAOS-
2) to determine the biostimulation pattern of cells 
promoted by the drug. The cells were seeded into 
96-well plates (2×103 cells/well) for 24 h. Next, 
the culture medium was replaced with complete 
Dulbecco’s modified eagle medium (DMEM) 
(supplemented with 15% fetal bovine serum (FBS), 
L-glutamine, and 1% penicillin-streptomycin—called 
regular medium; GIBCO Invitrogen, Thermo Fisher 
Scientific, Waltham, USA), supplemented with or 
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without SV at concentrations of 1, 0.1, and 0.01 μM 
for 24 h, 72 h, or 7 days. After the pre-treatment 
period (PT), the cells were incubated in culture 
medium without SV for 14 days. Cell viability was 
evaluated using MTT assay at 1, 7, and 14 days after 
PT (cells were incubated in regular medium), and 
calcium-rich matrix deposition (o-cresolphthalein 
complexone (OCC) method) was performed at 14 
day period (cells grown in osteogenic medium—
complete DMEM supplemented with 50 mg/mL 
ascorbic acid and 5 mm b-glycerophosphate (Sigma-
Aldrich, San Luis, USA). 

For MTT assay, the cells were incubated for 4 h with 
MTT solution (5 mg/mL; Sigma-Aldrich) in regular 
culture medium without fetal bovine serum (FBS)
(1:10). Subsequently, the supernatant was discarded, 
and formazan crystals were dissolved in acidified 
isopropanol (Sigma-Aldrich). The absorbance was 
measured (570 nm; Synergy H1, BioTek, Winooski, 
USA), and the cell viability data were converted into/ 
percentages, considering that the negative control 
group (CN; cells grown in the absence of SV) had 
100% cell viability at each time-point (n = 6). For the 
OCC assay, cells were incubated overnight at 4°C in 
50 μL of 1 N HCl (Sigma-Aldrich). Next, 100 μL of the 
working reagent containing the OCC substrate (Calcio 
Liquicolor, Centerkit, Campinas, Brazil) was added, 
and the samples were incubated at approximately 
24°C for 10 min. The absorbance was read at 570 nm 
(Synergy H1), and the calcium concentration in the 
samples was determined using a standard curve. 
The mean values ​​of the CN group were used as a 
parameter for 100% calcium deposition (n = 6) to 
calculate the percentage of calcium deposition for 
all experimental groups. 

Fabrication of scaffolds
The scaffolds were prepared as previously 

described (Soares et al., 2020). In brief, a 2% chitosan 
(CH) solution was prepared by dissolving chitosan 
powder (310,000–375,000 Da; 75%–85% deacetylated, 
pH 3.5, Sigma-Aldrich) in 2% aqueous solution of acetic 
acid (Sigma-Aldrich) for 24 h at room temperature and 
incorporated drop by drop with an aqueous suspension 
of Ca(OH)2 at 1% w/v (pH 12.0, Sigma-Aldrich) at a 
proportion of 2:1 CH:Ca(OH)2 (1,000–1,500 rpm), 

followed by gradual freezing (−20°C/−80°C/−198°C) 
and lyophilization (−56°C for 24 h; Liotop L101, 
Liobras, São Carlos, Brazil) (Figure 1). Cross-linking 
was performed by positioning the prepared scaffolds 
on a platform in a desiccator containing 10 mL 25% 
glutaraldehyde solution at the bottom (Sigma-Aldrich), 
followed by incubation under vacuum for 6 h to create 
glutaraldehyde vapor. The scaffolds were immersed in 
70% alcohol under vacuum and washed in phosphate-
buffered saline (PBS). The scaffolds were stored in 
a desiccator at room temperature for up to 7 days 
before performing the experiments. The architecture 
and chemical composition of the prepared scaffolds 
were confirmed using scanning electron microscopy 
(SEM) or energy dispersive spectroscopy (EDS) (JMS-
6610V Scanning Microscope; JEOL, Tokyo, Japan) at 
an accelerating voltage of 12–15 kV on lyophilized 
samples placed on metallic stubs using carbon tape 
and sputter coated with gold.

For the incorporation of SV, the scaffolds were 
aseptically immersed and incubated at 37°C for 24 h 
in SV solution (proportion of 1.5 µL/mm2), followed by 
a 10 min wash in PBS to eliminate the non-adsorbed 
drug. The concentration of 1 µM SV was selected 
based on the dose- and time-response tests. SV 
was incorporated immediately before initiating the 
experiments. The following experimental groups 
were established: chitosan scaffolds (CH) (considered 
as 100% control of cellular parameters), chitosan-
calcium scaffolds (CH-Ca), chitosan-simvastatin 
scaffolds (CH-SV), and chitosan-calcium-simvastatin 
scaffolds (CH-Ca-SV).

Direct contact biological experiment 
Samples of scaffolds with a 6 mm diameter and 

1 mm thickness were obtained. In a laminar flow 
chamber, the materials were positioned on 48-well 
plates, and a total of 1×105 SAOS-2 cells in a 5 μL drop 
were seeded, followed by 30 min incubation at 37°C 
and 5% CO2 to allow the initial adhesion of cells on 
the biomaterial.5 The constructs were then cultivated 
in 500 µL culture medium at 37°C and 5% CO2. The 
viability test was performed at 1, 3, 7, and 14 days of cell 
culture in regular medium (n = 2) with a live/dead cell 
viability/cytotoxicity kit (Invitrogen), and the surface 
of the scaffolds was analyzed using a fluorescence 
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microscope (Floidâ, Life Technologies, Carlsbad, 
USA).7 Osteogenic differentiation was evaluated by 
ALP activity assay and deposition of mineralization 
nodules at 3, 7, and 14 days of cell culture (n = 6) 
in regular and osteogenic media, as described by 
Soares et al.5 In brief, ALP activity was measured in 
constructs subjected to lysis by immersing the scaffolds 
in 500 µL 0.1% laurel sodium sulfate (Sigma-Aldrich) 
in a 1.5 mL centrifuge tube (Eppendorf, Hamburg, 
Germany) and subjecting them to maceration with 
a pistil containing a conic tip (Eppendorf). The 
supernatant was collected (4,000 rpm for 2 min) for 
reaction with the thymolphthalein monophosphate 
substrate (LabTest Diagnosis SA, Lagoa Santa, Brazil). 
Total protein in the same samples was determined 
using the Lowry assay for data normalization5. 
Mineralized matrix deposition (n = 6) was determined 
using the Alizarin red assay (Sigma-Aldrich) with 
cetylpyridinium chloride solution (for dissolution 
of nodules) followed by absorbance measurement 
(Synergy H1, Biotek). Scaffolds without cells were 
used to eliminate background (blank).5

Assay with conditioned medium (extracts) 
An assay was performed with extracts from 

biomaterials to evaluate the modulating effect of 

components released by the scaffolds. The SAOS-2 
cells were cultured (1×104 cells/well) in 96-well 
plates (Corning Inc., Corning, USA) and maintained 
until a confluency of 80% was attained (24 h). The 
scaffolds were immersed in 500 µL regular DMEM 
(no osteogenic supplement) and incubated at 37°C 
for 48 h. Subsequently, the culture medium in 
contact with the scaffold, called the extract, was 
collected and stored for application to cells. A new 
culture medium was added to the scaffold for the 
continualcollection of extracts every 48 h for 14 days. 
Next, 150 µL aliquots of the extracts collected every 
48 h were applied to the previously seeded cells 
and incubated for 48 h. This process was repeated 
once per 48 h for 14 days. Thus, cells were incubated 
throughout the experimental period in culture 
medium containing products released from the 
scaffolds to evaluate the effect of sustained release on 
viability (MTT assay) and osteogenic differentiation 
(ALP activity and Alizarin Red) as described (except 
for the maceration/centrifugation step). 

Statistical analysis
Two independent experiments were performed, 

and the data were compiled for statistical analysis. 
For SV screening, data analysis was performed using 

Figure 1. Manufacturing step of scaffolds. (a) Schematic representation of the manufacturing protocol of the CH-Ca Scaffold. 
Ca(OH)2 particles are incorporated into the chitosan solution in acetic acid, generating their carbonation (CaCO3) with a consequent 
release of CO2, expanding the porous network and complexion of calcium to chitosan; (b) simvastatin (SV) is then incorporated 
by immersion into the pre-selected concentration in dose- and time-response tests; (c) and (d) are digital images of the CH and 
CH-Ca scaffolds, respectively, after lyophilization and cross-linking. The spongeous-like architecture obtained is displayed in the image.
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one-way analysis of variance (ANOVA) followed by 
Dunnett’s test for comparisons among the experimental 
groups and the negative control. For experiments with 
scaffolds, one-way ANOVA was applied, followed 
by Tukey’s test to conduct comparisons among all 
groups. In all analyses, a p value smaller than 0.05 
was considered statistically significant.

Results

SV screening assay
According to the graphs shown in Figure 2a–c, 

the SV-tested doses had a negative effect on SAOS-2 
viability in all study periods. Figure 2d shows the 
calcium deposition of cells at 14 days in the different 
PTs. All evaluated SV concentrations promoted a 
numerical increase in the values of calcium deposition ​​
relative to CN, in which the concentration of 1 µM 
showed significantly higher values ​​for all treatment 
periods than others concentrations did (p < 0.05). 
Conversely, the concentration of 0.1 µM promoted 
a significant increase compared with the CN for 
PT 24 and 72 h (p < 0.05). The concentration of 
0.01 µM showed no significant difference from CN 
(p > 0.05). Based on these results, 1 µM was selected 
for incorporation into the scaffolds.

Scaffold characterization
Figure 3 presents representative SEM and EDS 

images of CH and CH-Ca surfaces. The CH scaffold 
presented a disorganized, porous structure with an 
irregular shape, whereas the CH-Ca scaffolds featured 
an organized pore network containing round pores 
and an interconnected network. A pore-inside-pore 
structure can be easily detected (white arrow in 
Figure 3b. EDS analysis demonstrated the presence 
of calcium only on the CH-Ca scaffold.

Cell/scaffold constructs
The live or dead images demonstrated that cells 

remained viable throughout the experiment in all 
groups, with the presence of greater cell agglomerations 
in groups with the CH-Ca scaffold than in the group 
with the CH scaffold, especially at 14 days (Figure 4a). 
The cell biostimulation assays demonstrated that in 
the presence of osteogenic medium, the CH-Ca-SV 

group showed the highest ALP activity values ​​at 3 
and 7 days but the values displayed no significant 
difference with that of the CH-Ca group (Figure 4c) 
(p > 0.05). Notably, the bio-stimulating effect of the 
CH-Ca and CH-Ca-SV groups on ALP activity was 
observed even in the absence of osteogenic medium. 
This emphasizes that that the CH-Ca-SV group showed 
a significant increase in ALP activity compared with 
that of the CH group at 3 and 7 days , whereas for 
the CH-Ca group, this effect was observed at 7 days  
(Figure 4b). The Alizarin Red assay demonstrated that 
the CH-Ca, CH-SV, and CH-Ca-SV groups showed 
higher mineralized matrix values after 14 days than 
that displayed by the CH group, and the CH-Ca-SV 
group presented significantly higher values than 
the other experimental groups (Figure 4b and 4c).

Extract assay 
There was a significant increase in the viability 

of cells exposed to the extracts in the CH-Ca, 
CH-SV, and CH-Ca-SV groups after 1 days, and in 
subsequent periods, this effect was not observed 
(Figure 5a). An increase in ALP activity was 
observed in the CH-Ca and CH-Ca-SV groups 
compared with that of the CH group, with the 
highest values observed in the CH-Ca-SV group ​​
(Figure 5b). With respect to the deposition of 
mineralized nodules, this study demonstrated an 
improved biostimulating effect of the CH-Ca-SV 
group, with an approximate increase of 56.4% at 
7 days and 117% at 14 days, compared to that of the 
CH group (Figure 5c). In the images of mineralized 
nodules, this group showed well-defined, large 
nodules after 14 days, which was not observed in 
the other groups (Figure 6).

Discussion

This study proposes the development of macro-
porous chitosan scaffolds enriched with calcium 
hydroxide (CH-Ca) and SV (CH-Ca-SV) as potential 
biomaterials for bone regeneration. CH-Ca provides 
a structure containing a network of interconnected 
macropores alongside the complexation of calcium 
ions to the chemical structure of chitosan, which 
provides the release of calcium ions. This structure 
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has been proven to facilitate cell spread, proliferation, 
and mineralized matrix deposition by MSCs of dental 
origin.5 In addition to evaluating the mineral phase, this 
study evaluated the incorporation of SV as a bioactive 
cue for CH and CH-Ca scaffolds to apply them as a cell-
homing strategy for bone regeneration. SV is a statin 
that inhibits 3-hydroxy-3-methylglutaryl-coenzyme 
A (HMG-CoA) reductase, an enzyme involved in 
cholesterol biosynthesis.13 Thus, SV is widely used in 
cases of hypercholesterolemia to avoid the formation 
of mevalonic acid from HMG-CoA reductase.13,14 
However, researchers have reported the pleiotropic 
effects of this drug, such as anti-inflammatory action, 
angiogenesis induction, increased endothelial cell 
activity, and bio-stimulating effects on the collagen 
matrix formation and mineralization process, which 
are advantageous for tissue regeneration.7,13-15 The 
literature has shown that SV can be easily incorporated 

by adsorption onto the surface of chitosan scaffolds 
by a simple, low-cost method, which provides a 
significant increase in bioactivity on cells of pulpal 
origin. However, the drug release pattern is fast, 
occurring within the first 24 h after immersion in a 
humid medium.6 This finding occurs because of the 
lipophilicity of SV, resulting in its dissolution and 
progressive diffusion on scaffold surfaces immersed 
in a wet environment.16

In this study, we initially aimed to determine the 
ideal standard for drug release from biomaterials to 
optimize the process of new tissue deposition. For 
this reason, bioactive doses of SV (1, 0.1, and 0.01 μM) 
were screened to assess their effects on the viability 
and calcium deposition capacity in SAOS-2 cells. This 
cell line was chosen because our main goal was to 
develop a cell-free scaffold capable of stimulating 
resident osteoblasts and improving bone regeneration. 

A

B

Figure 3. Representative images of scanning electron microscopy (SEM) or energy dispersive spectroscopy (EDS) analysis of the 
CH and CH-Ca scaffolds. The disorganized, porous architecture of the CH scaffold and the organized, interconnected porous 
network of the CH-Ca scaffold, with the presence of the Ca component identified using EDS is displayed. White arrows indicate 
pore-inside-pore on CH-Ca. The blue arrow indicates Ca identification on the EDS graph of CH-Ca.
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Figure 4. Direct contact experiment. (a) Representative images of live/dead (20x) assay. Green = live; Red = dead. Red arrows 
indicate the nuclei of dead cells stained with ethidium homodimer 1. Blue arrows indicate live cells stained with calcein AM. Large 
arrows indicate cell agglomerates at 14 days; (b) and (c) graphs representing the ALP activity and Alizarin Red tested with regular 
and osteogenic medium, respectively. Values ​​represent means, and different letters indicate statistically significant differences between 
groups (one-way ANOVA followed by Tukey’s test. n = 6, p < 0.05).
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Despite its osteosarcoma origin, SAOS-2 has been 
fully characterized as an osteogenic phenotype, 
involving the gene expression of osteoblastic markers 

in vitro and in vivo, mineralized matrix deposition, 
and osteocyte differentiation.17,18 This cell line has 
been used as a model of human osteoblasts for tissue 
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engineering applications.19,20 Therefore, pre-treatment 
with 0.1–1 μM SV for 1, 3, or 7 days was performed to 
simulate the effects of short-time SV release on human 
osteoblast cells. Similar to the literature,9,15,21-23 this 
study did not observe impairment in cell viability 
with the use of any of the evaluated doses or pre-
treatment times. However, only the 1 μM dose resulted 
in a significant increase in calcium deposition after 
14 days of culture after pre-treatment for 1, 3, and 
7 days, resulting in increases of approximately 
98.5%, 129.8%, and 61.5%, respectively. These results 
corroborate those in the literature on the differentiation 
of osteoblastic cells in vitro. 1 μM SV improved the 
osteogenic differentiation and mineralization of bone-
derived cells through the phosphorylation of protein 
kinases 1 and 2 regulated by extracellular signals and 
upregulation of BMP-2 expression via a mechanism 
that seems to be independent of the mevalonate, 
thereby enhancing bone regeneration in bone defect 
sites in vivo when applied locally.9,15,21-23 Additionally, 
Liu et al.21 observed that SV in concentrations ranging 
from 0.1 to 0.2 μM significantly increased the migration 
of bone marrow stem cells by 30.7% and 36% after 
24 h of incubation. However, the effect of SV on 
osteogenic differentiation after short periods of 
exposure has not been well demonstrated. According 
to our results, 1 μM is also effective when applied for 
short periods (24–72 h) because it promoted a more 
intense biostimulation than that observed for longer 
periods. A similar result was found by Leite et al.24 
for MDPC-23 odontoblast-like cells, a dental pulp 
derived cell line with a phenotype similar to that 
of osteoblasts, in which pre-treatment with 0.1 and 
0.01 μM of SV for 24–72 h had more intense bioactive 
effects than continuous treatment, with an increase 
of 73.2%–82.4% and 46.9%–30.4%, respectively, in the 
deposition of mineralized matrix.

On the basis of the results of the dose- and 
time-response tests, CH and CH-Ca scaffolds were 
incubated in a 1 μM SV solution for functionalization. 
This protocol was established by Soares et al.,6 who 
demonstrated the formation of hydrogen bonds 
between the hydroxyl groups present in chitosan 
and SV. This interaction generated a weak bond, 
resulting in a burst release with a peak at 2 h, releasing 
approximately 25.26% for CH-SV and 30.03% for 

CH-Ca-SV, extending up to 21 days, when there was 
a tendency for it to decrease. This binding capacity of 
chitosan with liposoluble drugs such as SV improves 
the solubility of the drug and its availability for 
absorption by cells.25 Notably, in the presence or 
absence of SV, the CH-Ca scaffolds presented calcium 
ion release, with burst release in the initial periods 
(1–3 h), that was maintained for up to 21 days. The 
scaffolds biomodified with SV and Ca(OH)2 showed 
a pattern of gradual degradation over 14 days, losing 
approximately 9–17% of their mass, whereas the 
scaffold without functionalization (CH) remained 
stable.6 This controlled degradation feature is highly 
desirable for creating a stable structure for cell 
interaction and stabilization, which can be gradually 
replaced by new tissue.5

The direct contact assay was the first set 
of experiments performed for the biological 
characterization of the developed scaffolds because 
this analysis is considered essential after biomaterial 
development, even when the clinical translation does 
not involve cell transplantation. This methodology 
enables the characterization of cell-scaffold interactions 
inside the 3D structure of the scaffold. Therefore, it 
is possible to observe how porosity and chemical 
composition affect cell infiltration, proliferation, 
and differentiation, leading to mineralized matrix 
deposition.4 The live/dead assay of cells seeded onto 
the scaffolds indicated the presence of viable cells in 
all groups and study periods. We detected increased 
cell density in the CH-Ca and CH-Ca-SV groups 
owing to the high degree of porosity, which provides 
an increased surface area for cellular interaction and 
improved capacity for cell infiltration within the 
scaffold. Nevertheless, only the scaffold surface was 
evaluated, and this assay only indicated dead cells after 
membrane disruption. This finding was also detected 
for the CH-Ca scaffold seeded with pulp cells in vitro, 
in which the cells had a broad cytoplasm spreading 
throughout the biomaterial structure, whereas the 
cells seeded in the CH scaffolds were clustered with 
little interconnectivity.7 The preparation method of 
the CH-Ca scaffolds may have influenced this macro-
porous characteristic. Traditionally, scaffolds were 
incorporated by adding the powder of the mineral 
phases directly into the polymeric chitosan solution. 
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This method leads to the formation of agglomerates, 
thereby reducing the viscosity of the solution, which 
interferes with the formation of porosities.26,27 The 
incorporation of a dispersed suspension of Ca(OH)2 
assists in maintaining the viscosity of the polymeric 
solution and aids the formation of macropores by CO2 
release, resulting in an organized, interconnected 
macro-porous network.7 Other studies have also 
reported that CO2 incorporation from chemical or gas-
foaming reactions in the biomanufacturing process of 
different scaffolds obtained using the phase-separation 
technique enables the formation of an organized 
macro-porous network that directly influences the 
pattern of infiltration and 3D organization of the 
cells inside the scaffolds.28

The osteogenic differentiation tests of cells in direct 
contact were replicated with or without osteogenic 
medium to evaluate the effect of SV and Ca(OH)2 
added to the scaffolds under different experimental 
conditions. Ascorbic acid and beta-glycerophosphate 
are usually supplemented in osteogenic differentiation 
assays for pre-osteoblastic cells and MSCs because 
they promote osteoblastic maturation, improve 
collagen synthesis, and provide ions and inorganic 
phosphate for mineralization.29 However, eliminating 
osteogenic supplementation when testing novel 
biomaterials demonstrates the potential of these 
biomaterials to induce osteogenesis,30 especially when 
working with mature osteoblasts, such as the SAOS-2 
lineage. According to our results, in the presence of 
osteogenic supplementation, the CH-Ca-SV scaffold 
featured the best biostimulation results, improving 
ALP activity at 3 and 7 days, and the mineralized 
matrix deposition by approximately 64.8% at 14 days, 
which were significantly higher than those of the 
other groups. Notably, in the absence of osteogenic 
medium, both CH-Ca and CH-Ca-SV improved 
mineralized matrix deposition, with slightly high 
values observed in the presence of SV. However, the 
difference was not significant.

A second set of experiments was performed with 
scaffold extracts to evaluate the bioactive effect of 
the release of SV and calcium ions promoted by 
the experimental formulations. This assay was 
performed to demonstrate the potential of the 
developed scaffolds as a cell-homing strategy for 

bone regeneration, modulating cell differentiation of 
precursor cells at the implantation site.4 Monolayer 
cells were continuously cultured with the released 
components of scaffolds for 14 days because the 
previous characterization demonstrated that both 
SV and calcium ions were released during this 
period.5,6 This assay was performed in regular 
medium to observe the bioactive potential of 
continuously released cues in the absence of a 
pro-osteogenic microenvironment because a direct 
contact assay demonstrated that SAOS-2 can deposit 
a mineralized matrix under these experimental 
conditions. The MTT assay detected increased 
cell viability in the CH-Ca, CH-SV, and CH-Ca-SV 
groups on day 1 compared with that in the CH 
group, which demonstrates an initial bioactive effect 
of the experimental formulations. ALP activity was 
positively modulated in the early stages of culture 
(3 days) in the CH-Ca and CH-Ca-SV groups, 
with high expression values for the functionalized 
formulation with SV. Consequently, the CH-Ca-SV 
group presented the highest values ​​of deposition 
of mineralization nodules in the periods of 7 and 
14 days, with a substantially increase after 14 days 
(117%), when it was possible to detect the presence 
of large, well-defined mineralization nodules. 

According to the data obtained, detecting the 
positive biological effects of CH-Ca-SV from the 
synergistic effect of SV and calcium ions present in 
the scaffold structure was possible. Incorporating a 
mineral phase in scaffolds is an important strategy for 
bone regeneration because this stimulus contributes 
to the differentiation of osteoprogenitor cells into 
osteoblasts, increases the osteoconductive capacity, 
accelerates the regenerative potential, and optimizes 
the deposition of the mineralized matrix. The 
positive role of SV in bone regeneration has been 
observed in association with several biomaterial 
compositions using different pre-osteoblast and MSCs 
lineages, including bone marrow and periodontal 
ligament, because it induces osteoinduction by 
increasing osteoblast activity and differentiation 
and inhibiting their apoptosis.31 In vivo assays 
demonstrated that local delivery of SV at low 
doses and dosages is more effective than systemic 
that for bone regeneration.32 Recent studies have 
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also demonstrated the bursting effect of hybrid 
scaffolds containing SV in combination with different 
calcium- and phosphate-rich mineral phases, such 
as amorphous calcium magnesium phosphate,33 
hydroxyapatite, and beta-tricalcium-phosphate.34 
The positive effect observed on bone regeneration 
has been discussed as a synergistic action of ions 
released from the inorganic phase and SV, which 
creates a pro-osteogenic microenvironment prone 
to mineralized tissue deposition. 

Montazerolghaem et al.35 observed an effect 
similar to that detected in this study on SAOS-2 cells 
by associating a calcium phosphate cement with low-
dose SV. The released components of this composite 
biomaterial demonstrated improved cell proliferation 
and ALP activity, upregulating the mineralization by 
approximately four-fold compared to that displayed 
by the released components from single-component 
formulations. In our prior research on human pulp 
cells, the synergistic effect of bioactive mineral 
phases with low-dosage SV has been observed 
for chitosan-calcium hydroxide4,5 and chitosan-
calcium aluminate formulations,36 wherein an 
increase in odontoblastic markers was observed 
in the presence of adsorbed 1 µM SV, indicating 
a beneficial action of this association for the cell 
differentiation and deposition of the mineralized 
matrix. The incorporation of SV in CH-Ca scaffolds 
also has a chemotactic effect on human pulp cells.6 
Migration, adhesion, infiltration, and odontogenic 
differentiation were observed in scaffolds mediated 
by the chemical composition containing SV and 
Ca(OH)2, which was superior to that displayed by 
biomaterials containing only one supplementation.6 
In vivo studies have demonstrated that scaffolds 
loaded with SV and implanted as a cell-homing 
strategy in different critical defect models in animals 
have a positive effect on the migration of resident 
cells to their structure and on the increase in new 
bone tissue deposition. The promise of this effect 
increases when the scaffold contains an associated 
mineral phase.37

The mechanisms controlling the bioactive 
potential of CH-Ca-SV may be derived from the influx 
of calcium ions into the intracellular medium by non-
specific calcium channels; activation of the SMAD 

1/5/8 and ERK1/2 signaling pathways; and increased 
expression of BMP-2, OCN, FGF-2, OPN, DSPP, and 
ALP, contributing to proliferation, differentiation, and 
mineral deposition in osteoprogenitor cells. Although 
the mechanism of action of SV on bone metabolism 
is not fully understood, this drug can activate the 
MAPK/ERK signaling pathway, presenting an action 
similar to that of TGF-β and BMP-229,15 signaling, and 
induce an active form of RhoA and RUNX-2/BMP-
2, acting on cell proliferation and differentiation. 
SV also influences cytoskeleton organization, focal 
adhesion, and cellular tension in bone marrow 
stem cells.9 However, the biostimulating effect of 
SV is dose-dependent, and high concentrations can 
lead to cell death, inhibition of angiogenesis, and 
cell differentiation.38,39 

Thus, this study demonstrated the potential 
of highly porous matrices loaded with stable and 
low-cost bioactive factors as a strategy with easy 
translation for mineralized tissue regeneration. 
Although the methodology used to create CH-Ca-SV 
scaffolds is promising, some limitations should 
be mentioned. SV adsorption by immersion in a 
solution with drug dilution is a viable option, but its 
release occurs in the first hours of contact with the 
culture medium.22 Considering that a slow release is 
favorable for the regenerative process, the use of other 
techniques for incorporating the drug into scaffolds, 
such as the use of controlled release systems, can 
be a more advantageous approach.40 However, we 
found that even with fast release, the incorporation 
of Ca(OH)2 and SV into chitosan scaffolds favored 
the expression of a regenerative phenotype in 
osteoblastic lineage cells in vitro, confirming this 
study’s hypothesis. Notably, direct and indirect 
contact assays have substantial limitations, and 
the results of in vitro biological characterization 
should be interpreted with caution. Direct contact 
assays use cells seeded directly onto the scaffold 
structure, which can easily penetrate the porous 
network. In the extract assay, an expectation was 
that the release pattern would be different when 
the biomaterial is surrounded by an extracellular 
matrix in vivo. In addition, monolayer cells were 
used in the absence of a 3D network, which changes 
cellular phenotypic expressions.4
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Conclusions

This study demonstrated the regenerative 
potential of a chitosan scaffold containing an 
organized, interconnected macro-porous network 
developed by a simple, low-cost technology, involving 
the incorporation of Ca(OH)2 as a modulating 
mineral phase associated with a bioactive dose of 
SV. The process generated a synergistic effect on 
the proliferation and differentiation of osteoblastic 
lineage cells seeded over the scaffolds and at a 
distance in the absence of osteogenic supplementation 

in the culture medium, demonstrating its potential 
as a cell-free platform for the regeneration of 
mineralized tissues.

Acknowledgments
The authors thank the Integrated Research of the 

São Paulo Research Foundation – FAPESP (Grant # 
2019/00020-8 and 2016/15674-5), the Coordination 
for the Improvement of Higher Education Personnel 
- Capes – (Finance Code 001), and the Integrated 
Research Center (CIP) of the Faculty of Dentistry of 
Bauru – USP for their support.

1.	Ghassemi T, Shahroodi A, Ebrahimzadeh MH, Mousavian A, Movaffagh J, Moradi A. Current concepts in scaffolding for bone tissue 

engineering. Arch Bone Jt Surg. 2018 Mar;6(2):90-9.  

2.	Borrelli MR, Hu MS, Longaker MT, Lorenz HP. Tissue engineering and regenerative medicine in craniofacial reconstruction and facial 

aesthetics. J Craniofac Surg. 2020 Jan/Feb;31(1):15-27. https://doi.org/10.1097/SCS.0000000000005840

3.	Lei B, Guo B, Rambhia KJ, Ma PX. Hybrid polymer biomaterials for bone tissue regeneration. Front Med. 2019 Apr;13(2):189-201. 

https://doi.org/10.1007/s11684-018-0664-6

4.	Soares DG, Bordini EA, Swanson WB, Costa CAS, Bottino MC. Platform technologies for regenerative endodontics from multifunctional 

biomaterials to tooth-on-a-chip strategies. Clin Oral Investig. 2021 Aug;25(8):4749-79. https://doi.org/10.1007/s00784-021-04013-4

5.	Soares DG, Bordini EA, Cassiano FB, Bronze-Uhle ES, Pacheco LE, Zabeo G, et al. Characterization of novel calcium  

hydroxide-mediated highly porous chitosan-calcium scaffolds for potential application in dentin tissue engineering. J Biomed Mater Res B 

Appl Biomater. 2020 Aug;108(6):2546-59. https://doi.org/10.1002/jbm.b.34586

6.	Soares DG, Bordini EA, Bronze-Uhle ES, Cassiano FB, Silva IS, Gallinari MO, et al. Chitosan-Calcium-Simvastatin Scaffold as an 

Inductive Cell-Free Platform. J Dent Res. 2021 Sep;100(10):1118-26. https://doi.org/10.1177/00220345211024207

7.	Tanigo T, Takaoka R, Tabata Y. Sustained release of water-insoluble simvastatin from biodegradable hydrogel augments bone 

regeneration. J Control Release. 2010 Apr;143(2):201-6. https://doi.org/10.1016/j.jconrel.2009.12.027

8.	Bae MS, Yang DH, Lee JB, Heo DN, Kwon YD, Youn IC, et al. Photo-cured hyaluronic acid-based hydrogels containing simvastatin as a 

bone tissue regeneration scaffold. Biomaterials. 2011 Nov;32(32):8161-71. https://doi.org/10.1016/j.biomaterials.2011.07.045

9.	Tai IC, Wang YH, Chen CH, Chuang SC, Chang JK, Ho ML. Simvastatin enhances Rho/actin/cell rigidity pathway contributing to 

mesenchymal stem cells’ osteogenic differentiation. Int J Nanomedicine. 2015 Sep;10:5881-94.  https://doi.org/10.2147/IJN.S84273

10.	Kagami S, Kanari H, Suto A, Fujiwara M, Ikeda K, Hirose K, et al. HMG-CoA reductase inhibitor simvastatin inhibits proinflammatory 

cytokine production from murine mast cells. Int Arch Allergy Immunol. 2008;146 Suppl 1:61-6. https://doi.org/10.1159/000126063

11.	Wu H, Jiang H, Lu D, Qu C, Xiong Y, Zhou D, et al. Induction of angiogenesis and modulation of vascular endothelial 

growth factor receptor-2 by simvastatin after traumatic brain injury. Neurosurgery. 2011 May;68(5):1363-71. 

https://doi.org/10.1227/NEU.0b013e31820c06b9

12.	Kheirallah M, Almeshaly H. Simvastatin, dosage and delivery system for supporting bone regeneration, an update review.  

J Oral Maxillofac Surg Med Pathol. 2016;28(3):205-9. https://doi.org/10.1016/j.ajoms.2015.10.005

13.	Liao JK, Laufs U. Pleiotropic effects of statins. Annu Rev Pharmacol Toxicol. 2005;45(1):89-118. 

https://doi.org/10.1146/annurev.pharmtox.45.120403.095748

14.	Maeda T, Matsunuma A, Kawane T, Horiuchi N. Simvastatin promotes osteoblast differentiation and mineralization in MC3T3-E1 cells. 

Biochem Biophys Res Commun. 2001 Jan;280(3):874-7. https://doi.org/10.1006/bbrc.2000.4232

15.	Karanxha L, Park SJ, Son WJ, Nör JE, Min KS. Combined effects of simvastatin and enamel matrix derivative on odontoblastic 

differentiation of human dental pulp cells. J Endod. 2013 Jan;39(1):76-82. https://doi.org/10.1016/j.joen.2012.10.013

16.	Pestov A, Bratskaya S. Chitosan and its derivatives as highly efficient polymer ligands. Molecules. 2016 Mar;21(3):330. 

https://doi.org/10.3390/molecules21030330

References

13Braz. Oral Res. 2023;37:e018



Assessment of the regenerative potential of macro-porous chitosan-calcium simvastatin scaffolds on bone cells

17.	McQuillan DJ, Richardson MD, Bateman JF. Matrix deposition by a calcifying human osteogenic sarcoma cell line (SAOS-2). Bone.  

1995 Apr;16(4):415-26. https://doi.org/10.1016/8756-3282(95)90186-8 

18.	Prideaux M, Wijenayaka AR, Kumarasinghe DD, Ormsby RT, Evdokiou A, Findlay DM, et al. SaOS2 Osteosarcoma cells as 

an in vitro model for studying the transition of human osteoblasts to osteocytes. Calcif Tissue Int. 2014 Aug;95(2):183-93. 

https://doi.org/10.1007/s00223-014-9879-y

19.	Liang L, Song D, Wu K, Ouyang Z, Huang Q, Lei G, et al. Sequential activation of M1 and M2 phenotypes in 

macrophages by Mg degradation from Ti-Mg alloy for enhanced osteogenesis. Biomater Res. 2022 Apr;26(1):17. 

https://doi.org/10.1186/s40824-022-00262-w

20.	Novello S, Tricot-Doleux S, Novella A, Pellen-Mussi P, Jeanne S. Influence of periodontal ligament stem cell-derived conditioned medium 

on osteoblasts. Pharmaceutics. 2022 Mar;14(4):729. https://doi.org/10.3390/pharmaceutics14040729

21.	Liu YS, Ou ME, Liu H, Gu M, Lv LW, Fan C, et al. The effect of simvastatin on chemotactic capability of SDF-1α and the promotion of 

bone regeneration. Biomaterials. 2014 May;35(15):4489-98. https://doi.org/10.1016/j.biomaterials.2014.02.025

22.	Soares DG, Anovazzi G, Bordini EA, Zuta UO, Silva Leite ML, Basso FG, et al. Biological analysis of  

simvastatin-releasing chitosan scaffold as a cell-free system for pulp-dentin regeneration. J Endod. 2018 Jun;44(6):971-976.e1. 

https://doi.org/10.1016/j.joen.2018.02.014

23.	Soares DG, Zhang Z, Mohamed F, Eyster TW, Costa CAS, Ma PX. Simvastatin and nanofibrous poly(l-lactic acid) scaffolds to 

promote the odontogenic potential of dental pulp cells in an inflammatory environment. Acta Biomater. 2018 Mar;68:190-203. 

https://doi.org/10.1016/j.actbio.2017.12.037

24.	Leite ML, Soares DG, Basso FG, Hebling J, Costa CA. Biostimulatory effects of simvastatin on MDPC-23 odontoblast-like cells.  

Braz Oral Res. 2017 Dec;31(0):e104. https://doi.org/10.1590/1807-3107bor-2017.vol31.0104  

25.	Selvasudha N, Koumaravelou K. The multifunctional synergistic effect of chitosan on simvastatin loaded nanoparticulate drug delivery 

system. Carbohydr Polym. 2017 May;163:70-80. https://doi.org/10.1016/j.carbpol.2017.01.038

26.	Klein-Júnior CA, Reston E, Plepis AM, Martins VC, Pötter IC, Lundy F, et al. Development and evaluation of calcium 

hydroxide-coated, pericardium-based biomembranes for direct pulp capping. J Investig Clin Dent. 2019 Feb;10(1):e12380. 

https://doi.org/10.1111/jicd.12380

27.	Shahbazarab Z, Teimouri A, Chermahini AN, Azadi M. Fabrication and characterization of nanobiocomposite scaffold of  

zein/chitosan/nanohydroxyapatite prepared by freeze-drying method for bone tissue engineering. Int J Biol Macromol.  

2018 Mar;108:1017-27. https://doi.org/10.1016/j.ijbiomac.2017.11.017

28.	Chen W, Thein-Han W, Weir MD, Chen Q, Xu HH. Prevascularization of biofunctional calcium phosphate cement for dental and 

craniofacial repairs. Dent Mater. 2014 May;30(5):535-44. https://doi.org/10.1016/j.dental.2014.02.007

29.	Phinney DG, Prockop DJ. Concise review: mesenchymal stem/multipotent stromal cells: the state of transdifferentiation and modes of 

tissue repair: current views. Stem Cells. 2007 Nov;25(11):2896-902. https://doi.org/10.1634/stemcells.2007-0637

30.	Thibault RA, Scott Baggett L, Mikos AG, Kasper FK. Osteogenic differentiation of mesenchymal stem cells on pregenerated 

extracellular matrix scaffolds in the absence of osteogenic cell culture supplements. Tissue Eng Part A. 2010 Feb;16(2):431-40. 

https://doi.org/10.1089/ten.tea.2009.0583

31.	Jin H, Ji Y, Cui Y, Xu L, Liu H, Wang J. Simvastatin-incorporated drug delivery systems for bone regeneration. ACS Biomater Sci Eng. 

2021 Jun;7(6):2177-91. https://doi.org/10.1021/acsbiomaterials.1c00462

32.	Moshiri A, Sharifi AM, Oryan A. Role of Simvastatin on fracture healing and osteoporosis: a systematic review on in vivo investigations. 

Clin Exp Pharmacol Physiol. 2016 Jul;43(7):659-84. https://doi.org/10.1111/1440-1681.12577

33.	Jiang Y, Tan S, Hu J, Chen X, Chen F, Yao Q, et al. Amorphous calcium magnesium phosphate nanocomposites with superior osteogenic 

activity for bone regeneration. Regen Biomater. 2021 Nov;8(6):rbab068. https://doi.org/10.1093/rb/rbab068

34.	Sordi MB, Curtarelli RB, Mantovani IF, Moreira AC, Fernandes CP, Cruz AC, et al. Enhanced osteoinductive capacity of poly(lactic-

co-glycolic) acid and biphasic ceramic scaffolds by embedding simvastatin. Clin Oral Investig. 2022 Mar;26(3):2693-701. 

https://doi.org/10.1007/s00784-021-04240-9  

35.	Montazerolghaem M, Engqvist H, Karlsson Ott M. Sustained release of simvastatin from premixed injectable calcium phosphate cement. 

J Biomed Mater Res A. 2014 Feb;102(2):340-7. https://doi.org/10.1002/jbm.a.34702

36.	Cassiano FB, Soares DG, Bordini EA, Anovazzi G, Hebling J, Costa CA. Simvastatin-enriched macro-porous  

chitosan-calcium-aluminate scaffold for mineralized tissue regeneration. Braz Dent J. 2020 Sep;31(4):385-91. 

https://doi.org/10.1590/0103-6440202003252

37.	Xue Y, Wu M, Liu Z, Song J, Luo S, Li H, et al. In vitro and in vivo evaluation of chitosan scaffolds combined with  

simvastatin-loaded nanoparticles for guided bone regeneration. J Mater Sci Mater Med. 2019 Apr;30(4):47. 

https://doi.org/10.1007/s10856-019-6249-3

38.	Zhu XY, Daghini E, Chade AR, Lavi R, Napoli C, Lerman A, et al. Disparate effects of simvastatin on angiogenesis during hypoxia and 

inflammation. Life Sci. 2008 Dec;83(23-24):801-9. https://doi.org/10.1016/j.lfs.2008.09.029  

14 Braz. Oral Res. 2023;37:e018



Gallinari MO, Bordini EAF, Stuani VT, Cassiano FB, Melo CCSB, Almeida JM, et al.

39.	Noronha Oliveira M, Rau LH, Marodin A, Corrêa M, Corrêa LR, Aragones A, et al. Ridge preservation after maxillary third molar 

extraction using 30% porosity PLGA/HA/β-TCP scaffolds with and without simvastatin: a pilot randomized controlled clinical trial. Implant 

Dent. 2017 Dec;26(6):832-40. https://doi.org/10.1097/ID.0000000000000655

40.	Li X, Pedano MS, Camargo B, Hauben E, De Vleeschauwer S, Chen Z, et al. Experimental tricalcium silicate cement induces reparative 

dentinogenesis. Dent Mater. 2018 Sep;34(9):1410-23. https://doi.org/10.1016/j.dental.2018.06.016

15Braz. Oral Res. 2023;37:e018


