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Abstract

Objectives This study evaluated the effect of embedding simvastatin (SIM) on the osteoinductive capacity of PLGA + HA/
BTCP scaffolds in stem cells from human exfoliated deciduous teeth (SHED).

Materials and methods Scaffolds were produced by PLGA solvent dissolution, addition of HA/BTCP, solvent evaporation,
and leaching of sucrose particles to impart porosity. Biphasic ceramic particles (70% HA/30% PTCP) were added to the PLGA
in a 1:1 (w:w) ratio. Scaffolds with SIM received 1% (w:w) of this medication. Scaffolds were synthesized in a disc-shape
and sterilized by ethylene oxide. The experimental groups were (G1) PLGA + HA/BTCP and (G2) PLGA + HA/BTCP + SIM
in non-osteogenic culture medium, while (G3) SHED and (G4) MC3T3-E1 in osteogenic culture medium were the positive
control groups. The release profile of SIM from scaffolds was evaluated. DNA quantification assay, alkaline phosphatase
activity, osteocalcin and osteonectin proteins, extracellular calcium detection, von Kossa staining, and X-ray microtomog-
raphy were performed to assess the capacity of scaffolds to induce the osteogenic differentiation of SHED.

Results The release profile of SIM followed a non-liner sustained-release rate, reaching about 40% of drug release at day
28. Additionally, G2 promoted the highest osteogenic differentiation of SHED, even when compared to the positive control
groups.

Conclusions In summary, the osteoinductive capacity of poly(lactic-co-glycolic) acid and biphasic ceramic scaffolds was
expressively enhanced by embedding simvastatin.

Clinical relevance Bone regeneration is still a limiting factor in the success of several approaches to oral and maxillofacial
surgeries, though tissue engineering using mesenchymal stem cells, scaffolds, and osteoinductive mediators might collabo-
rate to this topic.
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Introduction

Dimensional limitations of alveolar bone due to the resorp-
tion and remodeling after exodontia, infection, periodontal
disease, or trauma may complicate, or prevent, the rehabili-
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acid (PLGA) polymer with hydroxyapatite (HA) and
fB-tricalcium phosphate (3TCP) ceramics synergize to gen-
erate a more favorable biomaterial. The beneficial charac-
teristics of the individual substances, such as the release of
calcium and phosphate ions from the biphasic ceramics, and
the improvement of mechanical resistance to compression,
adequate degradation rate [15-22], and incorporation of bio-
active substances into the polymeric scaffolds, synergize to
form a controlled-release system for osteoinduction [23, 24].

Drug delivery systems with osteoinductive substances
may improve the performance of the scaffolds. Statins, spe-
cifically simvastatin (SIM), are potent reducers of endog-
enous cholesterol synthesis and are widely used to prevent
coronary disease and atherosclerosis. Their effect involves
an increase of the bone morphogenetic protein (BMP)
expression levels in bone cells and the stimulus of new
bone formation [25-29]. SIM applied alone, i.e., with no
carrier, demonstrated osteogenic effect over undifferenti-
ated cells in vitro [30-35]. However, the clinical success of
SIM in bone regeneration is related to a slow and controlled
release process since high local dosages induce an exacer-
bated inflammatory response [16, 29, 36] due to the cyto-
toxicity and the reduction of cholesterol production in cell
membranes [7, 28]. Consequently, to reach a sustained SIM
release to the applied site, a carrier (normally a three-dimen-
sional material or scaffold) is recommended. Additionally,
the use of SIM leads to a reduced risk of clinical side-effects
compared to growth factors or gene therapies [30]. There-
fore, this study evaluated the effect of embedding SIM on the
osteoinductive capacity of PLGA + HA/BTCP scaffolds in
stem cells from human exfoliated deciduous teeth (SHED).

Methods
Samples preparation

Scaffolds were produced with PLGA and biphasic ceramic
composed of HA and BTCP obtained by PLGA solvent dis-
solution, the addition of HA/BTCP, solvent evaporation, and
leaching of sucrose particles, as previously described [17,
18]. Briefly, PLGA composite was a 1:1 blend of polylactic
acid (Resomer LT 7068S) lactide-co-glycolide (Resomer LG
824S) (Evonik Boehringer Ing. Pharma GmbH&Co. KG,
Germany). Biphasic ceramic (Genphos, Genius with HA
and BTCP in the ratio 70/30, Baumer, Sdo Paulo, Brazil)
were added to the polymer blend in a 1:1 ratio. For samples
containing SIM (> 97%, high-performance liquid chroma-
tography (HPLC) grade, solid M =418.57, Sigma-Aldrich,
St. Louis, Missouri, USA), the drug was added to the poly-
mer blend at 10 mg/g. Samples were sectioned into discs of
5 mm diameter and 1.5 mm height and sterilized by ethylene
oxide.
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SIM release

Samples were incubated in 5 mL of phosphate-buffered
saline (PBS), pH 7.4, in a 37 °C and 5% CO, incubator
chamber for up to 90 days. At different time intervals,
200 pL of the solution was collected and the absorbance
was measured on a UV—-vis spectrophotometer at 238 nm
(TECAN, Ziirich, Switzerland). The collected PBS was
quantified and returned to the original solution at the end
of each reading. The standard curve was obtained from
known concentrations of SIM in acetonitrile and used to
quantify the loaded SIM and its release from the samples.
To analyze the SIM release profile, the SIM concentra-
tion was re-dimensioned by dividing the absolute amount
of SIM released at time ¢ (M¢) by the amount of SIM at
infinity (M), which was the equilibrated concentration
obtained at the end of the 90-day experimental period,
since it depends not only on how much drug has been
added but also on the solubility of the material. The mod-
els were evaluated based on the correlation coefficient
() [171.

MSC cultures

To determine the scaffold capacity to induce the osteogenic
differentiation of SHED, cell cultures were conducted using
96-well plates with 2x 10* cells per well at 37 °C and 5%
CO,. Cell culture media for SHED were Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco, Thermo Fischer Scientific,
Waltham, USA) with 10% fetal bovine serum (FBS, Invit-
rogen, Thermo Fischer Scientific, Waltham, USA) (regular
medium) or DMEM with 10% FBS, 1% penicillin—strepto-
mycin (PS, Invitrogen, Thermo Fischer Scientific, Waltham,
USA), 50 mM ascorbate-2-phosphate (Sigma-Aldrich, St.
Louis, USA), 10 mM B-glycerophosphate (Sigma-Aldrich, St.
Louis, USA), and 0.1 mM dexamethasone (Sigma-Aldrich,
St. Louis, USA) (osteogenic medium). Alpha-Modified Mini-
mum Essential Medium (a-MEM, Nutricell, SP, Brazil) with
10% FBS, 1% PS, 50 mM ascorbate-2-phosphate, and 10 mM
p-glycerophosphate (osteogenic medium) was used for pre-
osteoblasts MC3T3-E1 subclone 4 (ATCC, Virginia, USA).
Two experimental groups were determined: (G1) PLGA+HA/
BTCP and (G2) PLGA + HA/BTCP + SIM, applying SHED
in a regular medium. The average mass of scaffolds for the
experimental was 0.02 g. Additionally, two positive control
groups were established: (G3) SHED and (G4) MC3T3-El
in an osteogenic culture medium. All experiments were per-
formed in triplicate at predetermined experimental times.
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DNA quantification assay

On days 3, 7, 14, 21, and 28, cell proliferation was assessed
through the content of DNA in the groups using Quant-
iT TM PicoGreen® dsDNA Reagent (P7589, Invitrogen,
Thermo Fisher Scientific, CA, USA). Analyses were per-
formed according to Sordi et al. (2021) [37] and readings
were carried out on a fluorescence spectrophotometer (Spec-
traMax M2e, Molecular Devices, CA, USA) at 480/520 nm
(EX/Em).

Osteogenic differentiation assays

Alkaline phosphatase (ALP) activity was measured using
the Alkaline Phosphatase Fluorimetric Assay Kit (Abnova,
Taipei, Taiwan). Analyses were performed according to the
manufacturer's recommendations and readings were per-
formed on a fluorescence spectrophotometer (SpectraMax
M2e, Molecular Devices, CA, USA) at 360/440 nm (Ex/
Em). Experimental times were on days 3, 7, and 14. Data
were normalized against DNA content.

Extracellular calcium quantification was measured
using QuantiChrom Calcium Assay Kit (Bioassay Systems,
California, USA). Analyses were performed according to
the manufacturer's recommendations and absorbance was
recorded using a spectrophotometer (SpectraMax MZ2e,
Molecular Devices, CA, USA) at 612 nm. Calcium quanti-
fications were performed on days 7, 14, 21, and 28.

Quantification of osteocalcin and osteonectin proteins
was measured using the Quantikine ELISA Human Osteo-
calcin Immunoassay and Human SPARC Immunoassay
(R&D Systems, Minnesota, USA), respectively [38, 39].
Analyses were performed according to the manufacturer's
recommendations at 450 nm with wavelength correction
set to 540 nm (SpectraMax M2e, Molecular Devices, CA,
USA). Evaluations were performed on days 14 and 21.

Nodules of mineralization were marked using von Kossa
staining. For that, cells were fixed with 4% paraformal-
dehyde for 60 min at room temperature. Then, cells were
washed with ultrapure water, covered with 1% silver nitrate
solution, and incubated for 30 min, protected from light.
Counterstaining with 0.1% eosin solution in ethanol was
performed and the results were observed and photographed
from a light microscope [40]. Analyses were performed on
day 28.

X-ray microtomography (uCT)

Images of scaffold microstructure were obtained using
high-resolution three-dimensional X-ray microtomography
(Versa XRM-500, ZEISS/Xradia, Oberkochen, Germany).
The scanning conditions were the same for all samples: X-
ray tube at 50 kV/4 W, no filter for beam hardening effect,

0.4 x optical lens, 0.225° angular step, and 3 s exposure time.
The resulting images had a spatial resolution (voxel size) of
9.40-9.44 um [17]. The uCT images were processed using
Avizo 8.0 (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA). Evaluations were performed using the same
samples before cell seeding (day 0) and after 28 days of
SHED culture.

Statistical analyses

Data were analyzed using the GraphPad Software (San
Diego, USA) through two-way analyses of variances
(ANOVA) followed by Tukey’s multiple comparison test
for DNA, ALP, calcium, osteocalcin, and osteonectin data.
Values of p <0.05 were considered statistically significant.
These analyses were performed for each group, and experi-
mental time, independently.

Results
SIM release

SIM was slowly and gradually released from scaffolds until
the day 90 of the experiment with no latency period (Fig. 1).
On day 3 of the experiment, 10% of the equilibrated con-
centration (Moo) was already released from samples, while
on day 14 up to day 28, about 30% to 40% of the Moo were
released. After the 90-day period, the release curve still
exhibited an increasing behavior, without reaching an equi-
librium (Fig. 1a). The release profile of SIM followed a non-
liner sustained-release rate decreasing up to day 21, meaning
that up to day 28 it is found the strongest rate release of SIM
(Fig. 1b).

DNA quantification

Regarding DNA quantification assay (Fig. 2a), G1 revealed
an increase in the DNA content from day 3 to day 21, fol-
lowed by a decrease to day 28. The groups that were possibly
differentiating (G2 and G3) remained mainly stable over the
time (no statistical differences from day 3 to day 28), while
G4 presented an increase in the DNA content from day 3
to day 28.

Osteogenic differentiation

For ALP activity (p <0.0001, Fig. 2b), extracellular calcium
(»<0.0001, Fig. 2c), osteocalcin (p <0.0001, Fig. 2d), and
osteonectin (p <0.0001, Fig. 2e), G2 produced notably
higher results than the other groups, including the control
groups, at all the experimental times. Interestingly, there
were an increase on osteocalcin (p <0.0001) and a decrease
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Fig. 1 a Simvastatin release from PLGA + HA/BTCP + SIM scaffolds
for up to 90 days in phosphate-buffered saline. Calculations were
carried out by dividing the absolute amount of simvastatin released
at time ¢t (Mf) by the amount of simvastatin at infinity (Moo), which
was the equilibrated concentration obtained at the end of the 90-day
experimental period. b Simvastatin release rate from PLGA +HA/
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BTCP+SIM scaffolds for up to 90 days. Data was calculated by
using the SIM release from the previously measured data (Mt/Moo)
expressed as percentage (at T=0 0% is released and T=90 100%
is released). This was divided by the number of days between each
period to show the % of total SIM released per day (%/day)
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Fig.2 a DNA content assay by PicoGreen® reagent to determine the
cell proliferation on days 3, 7, 14, 21, and 28. The DNA content data
was used to normalize ALP activity, extracellular free calcium, and
osteocalcin and osteonectin proteins. b Alkaline phosphatase (ALP)
activity on days 3, 7, and 14. ¢ Extracellular free calcium on days 7,
14, 21, and 28. d ELISA Human Osteocalcin Immunoassay on days

on osteonectin (p=0.001) levels from day 14 to day 21 for
G2 (Fig. 2d and e, respectively).

Regarding the mineralization of extracellular matrix
(ECM, Fig. 3), G2 and G3 presented high concentrations of
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14 and 21, and e ELISA Human Osteonectin Immunoassay on days
14 and 21. Different lower-case letters refer to a significant difference
(ANOVA/Tukey test, p<0.05) among groups at the same experi-
mental time. Different capital letters indicate significant differences
(ANOVA/Tukey test, p<0.05) among the experimental times for the
same group

mineralized nodules but in a different pattern of deposition.
G4 showed less nodules of mineralization than G2 and G3,
while G1 showed the least mineralization of the ECM.



Clinical Oral Investigations (2022) 26:2693-2701

2697

PLGA+HA/BTC PLGA+HA/BTCP+SIM

SHED osteogenic medium

xrp,‘ T 9

Fig.3 Von Kossa staining to detect mineralization nodules (colored in brown/black) on day 28. The figure above shows two of the three samples

performed. Scale bars represent 500 pm

X-ray microtomography (uCT)

For X-ray microtomography (Fig. 4a-h), gray level 3D
images were filtered with “Non-Local Means Denoising”
[41] “Unsharp Mask” [42] tools using the AVIZO soft-
ware and then they were segmented into dense (HA/BTCP),
matrix (PLGA), and pore phases. The segmentation pro-
cess was carried out based on gray level histogram analysis

PLGA+HA/BTCP PLGA+HA/BTCP+SIM

by choosing a threshold that best separates the analyzed
phases. After the segmentation, cylindrical volumes of
interest (VOI) were outlined for porosity and phase fractions
determinations. It can be observed that porosity and matrix
phases were similar for both scaffolds and for both experi-
mental times (days 0 and 28); however, the dense phase was
more contrasting for PLGA +HA/PTCP + SIM (Fig. 4i). The
binary VOIs were modeled into 3D network images. The

PLGA+HA/BTCP PLGA+HA/BTCP+SIM

day 0

Phase fraction (%)
Groups Time
Porosity Matrix Dense phase
day 0 87.87 9.62 2.60
PLGA+HA/BTCP
day 28 88.66 747 387
day 0 86.73 7.63 565
PLGA+HA/BTCP+SIM
day 28 86.40 7.75 5.86

Fig.4 X-ray microtomography (a—d) and 3D network images (e—h) obtained before SHED seeding on day O and after 28 days of cell culture on
the scaffolds. The scaffolds porosity, matrix, and dense phases are presented in the table (i)
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porosity of about 85 to 90% and the well dispersion of the
biphasic ceramic particles across the scaffolds indicate that
the samples were successfully produced.

Discussion

Bone regeneration is still a limiting factor in the success
of several approaches to oral and maxillofacial surgeries,
though tissue engineering using MSC, scaffolds, and oste-
oinductive mediators might provide a solution [8, 11, 43].
Suitable scaffolds for this purpose continue to be investi-
gated. In our previous research, we developed a biomaterial
with adequate structural, chemical, thermal, and biologi-
cal properties for bone tissue engineering applications [17,
18]. Thus, with the promising results of our aforementioned
data, herein we aimed to evaluate the osteogenic capacity
of PLGA + HA/BTCP scaffolds embedding SIM in vitro. In
summary, we observed that the PLGA + HA/BTCP + SIM
group demonstrated results notably higher than the other
groups regarding ALP activity, calcium quantification, and
osteocalcin and osteonectin proteins quantifications at all
the experimental times, even when compared to the positive
control groups. Concerning the ECM mineralization ana-
lyzed by von Kossa, SHED cultured in osteogenic medium
and PLGA + HA/BTCP + SIM group presented high concen-
trations of ECM mineralization with the nodules deposited
in different patterns. Considering the relevance of obtain-
ing a controlled-release system for osteoinduction that has
adequate mechanical and chemical properties, degradation
rate, biocompatibility, and osteoinduction capacity, these
findings are extremely promising for oral and maxillofacial
applications. Additionally, the fabrication technique of the
proposed delivery system is simple, affordable, and can be
mass produced. Also, the raw materials are synthetic and
are established in the scientific literature. These factors all
contribute to the likelihood that the proposed delivery sys-
tem could be feasible for use in clinical application [14, 15,
20, 21]. Furthermore, SIM has a good safety profile when
applied in appropriate dosages [18, 27, 29, 30, 36, 44]. In
addition, additive manufacturing such as bioprinting, using
the materials applied herein, could be utilized for the per-
sonalized bioprinting of scaffolds for bone defects detected
from computed tomography exams.

A deep understanding of the molecular regulatory net-
works of osteoblast proliferation and differentiation is fun-
damental to effectively develop biomaterials for bone regen-
eration [29]. In this context, the methodology of this study
was designed with an emphasis on the osteogenic differen-
tiation pathway [44]. The cell commitment to osteogenesis
occurs within the first week of osteogenic stimulation when
the osteoprogenitor cells enter an early stage of active pro-
liferation followed by a stage of reduction in proliferation
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due to cell maturation [45, 46]. This initial commitment can
be verified by DNA content assay, where increasing DNA
is related to more cells, i.e. cell proliferation. Our findings
revealed that the groups under strong differentiation stimulus
(G2 and G3) remained mainly stable over time.

The early osteogenic markers are present in the first 7 to
14 days of the osteogenic differentiation process and include
type 1 collagen and alkaline phosphatase [44, 46]. When
preosteoblasts begin their maturation, there is an increase
in the alkaline phosphatase activity, which provides phos-
phate ions for the initial mineralization of the ECM and,
consequently, calcium in the extracellular media increases
its concentration [44—46]. Such events were proven in the
present study by the sharp increase in both alkaline phos-
phatase activity and concentration of extracellular free cal-
cium on day 14 of the performed analyses, which was more
significant in the PLGA + HA/BTCP + SIM scaffolds (G2).
Additionally, the release profile of SIM followed a non-liner
sustained-release rate. Even at its fastest release rate, in the
beginning days, the DNA content and ALP activity results
during this period suggested the cells were viable and the
SIM released dose was adequate.

Osteocalcin, osteonectin, and osteopontin are consid-
ered intermediate proteins in the osteogenic differentiation
fate, typically present from days 14 to 21 of cell maturation.
Those proteins act on the mineralization of the immature
ECM [46]. Herein, the quantifications of osteocalcin and
osteonectin validate the alkaline phosphatase and calcium
findings, since PLGA + HA/BTCP + SIM scaffolds (G2) pro-
moted the highest protein levels on days 14 and 21 compared
to the other groups, including the positive controls. These
results are in agreement with other studies that also evalu-
ated SIM playing a role in the osteoinduction of MSCs for
bone regeneration [30, 44]. In the late stage of the osteogenic
differentiation pathway, mature differentiated cells miner-
alize the ECM by trapping the free calcium [44, 46]. We
have demonstrated by von Kossa staining the presence of
mineralized nodules in the ECM of the SHED control group
and the group under stimulation of PLGA +HA/BTCP + SIM
scaffolds, validating the enhanced osteogenic capacity from
embedding SIM [40, 47, 48]. The reduction of calcium on
the extracellular media followed by its increase from day 21
to day 28 may be related to the trapping of the free calcium
used to mineralize the ECM, which was already mineralized
on day 28. The uCT images show that only minor changes
in the matrix shape of the scaffolds were observed over a
period of 28 days of the experiment, which might be related
to the controlled and prolonged release of SIM from the
scaffolds, which is favorable for bone regeneration purposes,
as already presented in our previous studies [17, 18].

The use of SIM for bone tissue regeneration or in the
treatment of other bone diseases was already extensively
studied [4-7, 27-29, 36, 44, 48]. SIM seems to act on bone
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regeneration through an increase in BMP-2 expression level
[25-29, 44]. The primary pathway of osteogenesis includes
the BMP-2/Smads signaling pathway, in which BMP-2 trig-
gers the osteogenic signal by phosphorylating Smads, and
then mediates the expressions of the genes associated with
osteoblast differentiation, such as alkaline phosphatase and
osteocalcin [29, 48, 49]. However, the detailed mechanism
by which SIM acts on osteogenic differentiation of MSC
remains unknown while the signaling pathways that modu-
late the cell differentiation are considered potential targets
of SIM activity [48]. Besides the BMP-2/Smads, Hedgehog
and MAPK signaling pathways may be related to the SIM-
induced osteogenic differentiation of MSC [44, 48]. Nev-
ertheless, it is important to mention that this is an in vitro
study. Further studies on the details of the mechanisms of
SIM in the osteogenic differentiation pathway, as well as
in vivo and clinical trials, should be performed to confirm
our data.

Conclusions

In summary, PLGA + HA/BTCP + SIM scaffolds promoted
the highest osteogenic differentiation of SHED. Therefore,
the present study revealed the outstanding results of embed-
ding SIM into PLGA and biphasic ceramic scaffolds to dif-
ferentiate SHED into the osteoblastic lineage. This is mainly
due to the development of a biomaterial with adequate struc-
tural, chemical, thermal, and biological properties for bone
tissue engineering applications, in addition to the success-
ful incorporation method, adequate dosage, and prolonged
release of SIM from the scaffolds, which enhanced osteo-
genic differentiation of dental-derived mesenchymal stem
cells.
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