Cell and Tissue Research (2019) 376:221-231
https://doi.org/10.1007/500441-018-2970-3

REGULAR ARTICLE

@ CrossMark

Testosterone improves the osteogenic potential of a composite
in vitro and in vivo

Kelen J. R. da Costa - Alfonso Gala-Garcia’ - Joel J. Passos? - Vagner R. Santos? - Ruben D. Sinisterra? -
Célia R. M. Lanza? - Maria E. Cortés’

Received: 16 July 2018 / Accepted: 22 November 2018 /Published online: 12 January 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Testosterone (T) has been suggested as a promising agent in the bone osteointegration when incorporated in a bioceramic/
polymer combination for the local application. The objective of this study was to evaluate the activity of a testosterone composite
of poly (lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and biphasic calcium phosphate (BCP) as a strategy for
enhancing its osteogenic effect and to evaluate tissue response to the composite implantation. PLGA/PCL/BCP/T and
PLGA/PCL/BCP composites were prepared and characterized using thermal analysis. Composite morphology and surface
characteristics were assessed by SEM and EDS. The evaluations of in vitro effects of testosterone composite on osteoblasts
viability, alkaline phosphatase activity, collagen production, osteocalcin concentration, quantification of mineralization, and
nitric oxide concentration, after 7, 14, and 21 days. Testosterone was successfully incorporated and composites showed a
homogeneously distributed porous structure. The PLGA/PCL/BCP/T composite had a stimulatory effect on osteoblastic activity
on the parameters evaluated, except to nitric oxide production. After 60 days, the PLGA/PCL/BCP/T composite showed no
chronic inflammatory infiltrate, whereas the PLGA/PCL/BCP composite showed mild chronic inflammatory infiltrate.
Angiogenesis, cellular adsorption, and fibrous deposit were observed on the surfaces of implanted composites. The composites
in combination with testosterone can be exploited to investigate the use of this scaffold for bone integration.
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Introduction

In regenerative medicine, the scaffold serves as a three-
dimensional template for cell adhesion, proliferation, and
formation of an extracellular matrix, as well as a carrier
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for growth factors, drugs, or other biomolecular signals
(Mei et al. 2005). Among the number of scaffold materials
reported thus far, poly (lactide-co-glycolide) (PLGA) is the
most common biodegradable polymer, due to its advantages
such as adjustability of degradation rates, good mechanical
properties, particularly toughness, and easy handling (Yu
and Ding 2008; Shen et al. 2008). Polycaprolactone (PCL)
is a semi-crystalline and biodegradable polymer, commonly
used as biomaterial for tissue engineering that has been used
in the medical field for the past 30 years (Chen and
Boccaccini 2006).

Over recent years, synthetic calcium phosphate ceramics
have been widely used in bone surgery (Naidoo et al. 2008).
Among these ceramics, biphasic calcium phosphate (BCP)
composed of hydroxyapatite (HA) and tricalcium phosphate
(TCP) has received attention due to its reliable and controlla-
ble bioabsorption rate. The bioceramics HA and TCP may
have superior bone ingrowth into BCP ceramics (Victor and
Kumar 2008), although they are too brittle to carry consider-
able dynamic loads.
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Androgens have also been playing an important role in the
regulation of bone metabolism by influencing bone cell func-
tion via local and systemic growth factors and cytokines
(Benghuzzi et al. 2004). Androgens have been demonstrated
to influence bone cells in a complex fashion. Mostly, its effect
on osteoblasts proliferation is biphasic in nature, showing
growth enhancement following short or transient treatment
and significant inhibition after a longer treatment (Wiren
et al. 2004; Cheng et al. 2013; Steffens et al. 2014).

Testosterone (T) is a steroidal male hormone that regulates
cellular calcium transport. The natural androgen testosterone
has been used to prevent osteoporosis and coronary artery
diseases, suppressing diverse immune reactions, and with pre-
scriptions in gerontology. Both estrogen (E) and T sex hor-
mones have receptors on all bone cells, with androgen domi-
nance on osteoblasts and osteocytes.

The activity of the sex steroids, influenced by various en-
zymes found in bone, is reflective of the hormone ligand be-
fore its binding to the bone cells (Notelovitz 2002). As a
result, T acts both directly and via its aromatization of estra-
diol. The activity of the androgens also varies with the bone
surface; periosteal cells, for example, do not have 5 «-
reductase activity, indicating that T is the active metabolite
at this clinically important site. Androgens enhance osteoblas-
tic differentiation by regulating bone matrix production, orga-
nization, and mineralization as well as regulating the recruit-
ment and activity of osteoclasts. The sustained delivery of T or
its metabolite can stimulate osteoblastic activities eventually
causing an increase in cortical bone density while maintaining
a healthy femur with a normal architecture (Callewaert et al.
2010). Furthermore, in vivo studies showed that testosterone
delivered with a scaffold was effective in promoting the
healing of a critical-size segmental defect of the femoral bone
in mice (Cheng et al. 2013).

Attempts to enhance bone ingrowth have been focused on
modifying or coating surfaces to promote osteogenic condi-
tions for regeneration. Osteoblastic cells appear to be stimu-
lated by androgens in vitro. However, their use in vivo is
controversial due to the virilizing side effects as well as alter-
ations in the lipoprotein profiles.

A preliminary study showed that the PLGA/PCL/BCP/T
scaffold exhibited desirable characteristics for bone tissue
applications (i.e., adhesion, growth, and cellular prolifera-
tion) and the absence of cytotoxic effects (Da Costa et al.
2012). This research proposed the use of testosterone in-
corporated into biodegradable polymers to form a bioac-
tive ceramic composite in the form of porous matrices,
developed with the aim of accelerating bone ingrowth at
osseous defect sites. Thus, this study evaluated the osteo-
genic cellular response of biodegradable PLGA/PCL/BCP/
T composite scaffolds after 7, 14, and 21 days of in vitro
culture and the subcutaneous tissue response of the com-
posite implanted in rats after 15, 30, and 60 days.
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Materials and methods
Materials

The testosterone propionate (Pharma Mostra, MG, Brazil),
PLGA (50:50 lactide/glycolide molar ratio (MW) =
60,000 g/mol), and PCL (MW = 10,000 g/mol) were obtained
from Birmingham Polymers, Inc., Durect Corporation,
Pelham, USA. Other materials used included silver nitrate
PA, sodium thiosulfate, glacial acetic acid (Synth, SP,
Brazil), and safranine (Panreac, Barcelona, Spain). The BCP
(Osteosynt®), with 65% hydroxyapatite (HA)
[Cas(PO4);0H] and 35% -tricalcium phosphate (3-TCP)
[Ca3(POy),] (w/w), was kindly donated by Einco
Biomaterial, MG, Brazil. Dichloromethane (DCM) from
Quimex, SP, Brazil).

Preparation of the composites

The composites were prepared by the solvent evaporation
method at 1:1:8 (PCL/PLGA/BCP) (Kim et al. 2004) and
T/(BCP + PCL + PLGA)=0.1 w/w ratio. One gram of each
polymer (PLGA and PCL) was dissolved in 50 mL of DCM
and 8 g of BCP was added to the polymer solution and stirred
for 2 h at room temperature (PLGA/PCL/BCP). A fixed con-
centration (10~ mol/L) of T was added to the solution
[T/(BCP + PCL + PLGA)=0.1 w/w]. The composites were
placed into a 4-mm-diameter cylindrical mold and sliced to
yield 1-mm-thick disks weighing 150 mg. The disks were then
sterilized using the ethylene oxide process, with a maximum
of 50.6 °C.

Characterization

In order to determine the thermal profile of the starting mate-
rials, the composite’s thermogravimetric measurements (TG)
and differential thermal analysis (DTA) were performed using
a thermo-balance SDT Q600 (TA Instruments, Inc.). An aver-
age of 5 mg of the sample was used for each analysis.

The morphology was evaluated by scanning electron mi-
croscope and energy-dispersive X-ray spectrometer (SEM/
EDS). Three samples each from PLGA/PCL/BCP/T and
PLGA/PCL/BCP composites were examined for qualitative
assessment by SEM for the presence of pores, before and after
21 days in a simulated body fluid (SBF) (Kokubo and
Takadama 2006). EDS analyses were performed to study the
in vitro bioactivity through the formation of bone-like apatite
on the surface of the samples before and after 21 days in SBF.
The composites were immersed in 2 mL SBF for 21 days at
37 °C and the SBF solutions were replaced every 3 days with
fresh solution. An FEG scanning electron microscope, FEI
Quanta 200, from the Microscopy Center of the Federal
University of Minas Gerais was used for evaluation.
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The pH of the composites with and without hormone was
evaluated. The samples were placed in Eppendorf tubes con-
taining 2 mL PBS with pH 7.4 on an incubator bench
(CTM45, Contemp) for 21 days. The supernatant was collect-
ed and replaced with fresh PBS solution every 24 h, and the
pH was measured using a digital pH meter (HI 221 Hanna
Instruments®).

In vitro studies

Cell attachment, viability, differentiation, and mineralization
resulting from the interaction between composites and osteo-
blasts were studied in hexaplicate (n = 6) for each experimen-
tal time in three different experiments.

Osteoblasts were isolated from the calvaria of newborn
Wistar rats at 1-5 days of age (Declercq et al. 2004). The
procedures performed on animals complied with the standards
of the Ethics Committee on Animal Use of UFMG. The
calvaria was dissected, removed all soft tissue, cut into frag-
ment, and washed in sterile buffered PBS without calcium and
magnesium. Calvary fragments were digested in 1% trypsin-
EDTA for 5 min, and the precipitates following centrifugation
at 1000 rpm for 5 min were treated with four sequential incu-
bations with 2% collagenase II at 37 °C for 30 min each.
Supernatants from the first two incubations were discarded.
Supernatants from the last three collagenase incubations were
centrifuged at 1000 rpm for 5 min, and the pellet of cells with a
high proportion of osteoblasts was resuspended in 5 mL of
DMEM medium supplemented with 10% FBS, 1% antibiotic-
antimycotic, and ascorbic acid 100 pg/mL and transferred to
cell culture flasks. Cells adhered to the flask characterized the
first passage. When these reached 80% of subconfluence, they
were trypsinized and transferred to culture flask until the sec-
ond passage and cultured for 2—4 days in a humidified atmo-
sphere of 5% CO,—95% air at 37 °C.

After the second passage, osteoblasts (5 x 10* cells/cm?)
seeded on the composite disks placed onto 24-well plates in
a CO, incubator. After 7, 14, and 21 days of incubation, they
were tested for viability, production of alkaline phosphatase
and total protein content, collagen production, osteocalcin
levels, mineralization, and measurement of nitric oxide
(NO). Cells cultured in polystyrene were used as a positive
control and the assays were performed in hexaplicate.

The viability of osteoblasts cells was determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Sigma-Aldrich). After each experimental
time point, the cells were incubated for 4 h with 40 uL of MTT
solution (5 mg/mL) at 37 °C in a humid atmosphere. After
complete conversion of the MTT to formazan crystals, 400 uL
of 10% dimethyl sulfoxide (SDS)/0.01 N HCI solution was
added to each well to extract the formazan crystals under
gentle shaking. After an overnight incubation, the optical

density was measured at 570 nm in a spectrophotometer
(Multiskan Spectrum Thermo Scientific, Finland).

To determine the alkaline phosphatase (ALP) activity, the
culture medium was first removed and 1 mL of deionized
water was added. The cells were then lysed in five freeze/
thaw cycles (—20/37 °C). The cell lysates were placed in a
96-well plate for measurement of ALP activity using the 5-
bromo-4-chloro-3-indolyl-phosphate (BCIP) in conjunction
with nitro blue tetrazolium (NBT) assay (Invitrogen/Vybrant,
OR, USA). The amount of total protein in the cell lysates was
determined using a Micro-BCA Protein Assay. ALP activity
was normalized to total protein concentration and expressed as
units per milligram of protein.

The collagen production of osteoblasts was analyzed by
Sircol Collagen Assay Invitrogen® (Invitrogen/Vybrant, OR,
USA). This method is based on the selective binding property
of'the Sirius Red dye to the [Gly-X-y] tripeptide end sequence
of mammalian collagen. The solubilized collagen was evalu-
ated by optical density analysis at 555 nm. The amount of
collagen was calculated using a standard curve representing
the relationship between collagen concentration and optical
density.

The quantification of Rat Osteocalcin EIA Kit®
(Biomedical Technologies Inc., USA) was used to evaluate
osteocalcin synthesis. The supernatants of each experimental
group and controls were collected at the experiment time
points. Samples of 25 and 100 pL osteocalcin antiserum were
transferred to a pretreated plate with a monoclonal antibody
directed against the N-terminal region of osteocalcin and in-
cubated at 37 °C for 2.5 h. The plate was washed and then
incubated with a second antibody (goat polyclonal) of high
specificity against the C-terminal of rat osteocalcin. Detection
was achieved using a horseradish peroxidase conjugate of a
donkey anti-goat IgG antibody and subsequent enzyme assay.
The osteocalcin concentration was proportional to color de-
velopment. Standards of highly purified rat osteocalcin were
used to generate a standard curve. The absorbance was mea-
sured at 450 nm using the Multiskan spectrophotometer.

The quantification of matrix mineralization was evaluated
by the mineralization nodule formation where cells of each
experimental group and the control were submitted to staining
by the Von Kossa technique, after each experimental time
point. The culture medium was removed, and cells were
washed three times with PBS and fixed with 4% paraformal-
dehyde for 5 min. The solution was discarded and the cells
washed with deionized water (DI-PAK®, Milli-DI,
Millipore). A solution of silver nitrate 5% was added and
plates exposed to ultraviolet light for 60 min. The cells were
again washed with deionized water three times, followed by
the addition of 5% sodium thiosulfate solution for 3 min. The
cells were counterstained with 1% safranine for 30 s. The
nodules were counted in five random fields per well using
an inverted optical microscope (x10).
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Finally, the nitrite concentration (NO) was measured in the
culture supernatant of osteoblasts as an indirect measure of
NO synthesis using the Griess Reagent (G-7921) (Invitrogen
Corporation, USA). The culture supernatants from each group
and the control group were collected at specific time points
and 50 pL of each sample was incubated with 50 uL of re-
agent for 1 h at room temperature, protected from light. The
optical density was measured at 548 nm in a spectrophotom-
eter. The nitrite concentration was calculated by averaging the
values of the standard curve of NaNO, and values were
expressed as millimoles per liter of nitrite (Green et al. 1982).

In vivo study

The toxicity of the PLGA/PCL/BCP/T and PLGA/PCL/BCP
composites was assessed by subcutaneous tests in vivo. Thirty
male Wistar rats were used (aged 4 weeks and weighing 150—
210 g). For this experiment, the animals were randomly dis-
tributed each into the control group (n = 2), PLGA/PCL/BCP/
T group (n =4), and PLGA/PCL/BCP group (n =4) and eval-
uated after 15, 30, and 60 days of the surgery by using one
implant per animal. The animals were anesthetized with an
intramuscular injection of 10% ketamine (Cetamin®,
Syntec, Sdo Paulo, Brazil) mixed with 10% xylazine
(Anasedam®, Vetbrands®, Sdo Paulo, Brazil) at a ratio of
2:1 ketamine to xylazine v/v (0.1 mL/100 g of body weight).
The skin in the dorsal region of the animals was shaved and
disinfected with iodine, a perpendicular incision was made,
and a subcutancous pocket was created by blunt dissection.
The composite was then inserted and the incision was sutured
with a 4-0 nylon monofilament. The animals were housed in
pairs and maintained under controlled conditions of room
temperature, light—dark periods of 12 h. After the experimen-
tal time, the animals were anesthetized and sacrificed by cer-
vical dislocation. The implants and the surrounding tissue re-
moved were processed using a standard procedure for remov-
ing histopathological analysis described elsewhere (Gala-
Garcia et al. 2012). Thin sections (5 pm) were prepared using
a microtome and three sections of each specimen were stained
with hematoxylin and eosin.

The parameters of inflammation (presence of cell infiltrate,
polymorphonuclear leukocytes, macrophages, and lympho-
cytes), fibrosis, granulation tissue, and necrotic tissue were
qualitatively analyzed by a pathologist in a blinded manner.
For SEM, the specimens were fixed in 5% buffered glutaral-
dehyde for 1 h, washed with PBS, and post-fixed in 1% os-
mium tetroxide, followed by dehydration with graded water-
ethanol series of solutions (30, 50, 70, 90, and 100%) for
10 min each. The samples were critically point dried and sput-
ter coated with gold. Samples were examined using SEM
(FEG Quanta 200 FEI). To the histological examination,
scores were attributed as 0 (absence of inflammation), 1
(slight), 2 (moderate), and 3 (intense inflammation).
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Statistical analysis

Statistical evaluation of data was performed, to in vitro study,
using ANOVA two-way and Bonferroni’s post-test.
Quantitative data were obtained from repeated experiments
in hexaplicate (n=6) for all in vitro studies and reported as
the mean standard deviation, as indicated. To in vivo study, the
Kruskal-Wallis test and Dunn’s post-test were used to evaluate
the date of non-parametric samples. The P values <0.05 were
considered statistically significant. For both data analyses, the
software GraphPad Prism 5 was used.

Results
Thermal properties

The testosterone demonstrated thermal stability until 340 °C
after which a continuous weight loss was observed (Fig. 1a).
Analyzing the T DTA curve, two endothermic events were
also observed: the first approximately at 110 °C, associated
with the T melting point, and the second at 340 °C, associated
with the complete degradation of the drug (Fig. 2a). TG/DTA
data for bioceramic showed a weight loss of 1.6% up to
100 °C, after which thermal stability was observed until
700 °C (Figs. 1b and 2b). This first process could be associ-
ated with the water loss from the ceramic matrix. PCL showed
thermal stability up to 330 °C, with a continuous weight loss
up to approximately 450 °C (Fig. 1c). The DTA curve of PCL
showed two endothermic events (Fig. 2c¢), the first around 50—
60 °C associated with the polymer melting point, and the

Weight loss / %

0 50 100 150 200 250 300 350 400 450 500 550
Temperature / °C
Fig. 1 TG curves of a testosterone, b biphasic calcium phosphate, ¢

polycaprolactone, d poly (lactic-co-glycolic acid), e PLGA/PCL/BCP
scaffold, and f PLGA/PCL/BCP/T scaffold
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Fig. 2 Differential thermal analysis (DTA) of a testosterone, b biphasic
calcium phosphate, ¢ polycaprolactone, d poly (lactic-co-glycolic acid), e
PLGA/PCL/BCP scaffold, and f PLGA/PCL/BCP/T scaffold

second endothermic peak at approximately 400 °C,
representing the total degradation of the polymer (Barbanti
et al. 2008). PLGA showed a thermal stability up to 250 °C,
followed by a single thermal event at approximately 375 °C,
referring to the complete decomposition of the polymer
(Fig. 1d). The PLGA DTA curve (Fig. 2d) showed an endo-
thermic event at approximately 45-50 °C associated with the
polymer glass transition (7,) and the second at 300-370 °C
associated with the thermo-decomposition (Barbanti et al.
2008).

The PLGA/PCL/BCP composite showed a similar decom-
position profile of the polymers in which thermal overlapping
phenomena was observed (Fig. 1e). The high residual mass
(79.2%) observed is attributed to the presence of BCP, as this
showed a higher thermal decomposition profile compared
with the PLGA, PCL polymer, and T drug. The PLGA/PCL/
BCP composite DTA curve showed two endothermic peaks:
one at 56 °C, associated with the melting point of PCL, and
the second at 250-350 °C, associated with the thermal decom-
position of both polymers (Fig. 2e) (Abd El-Mohdy 2012;
Barbanti et al. 2008). In addition, the PLGA/PCL/BCP/T
composite showed thermal stability up to approximately
160 °C, at which point a mass loss began until 340 °C when
a second continuous mass loss was observed until 360 °C
(Fig. 1f). The presence of T in the composite changed the
thermal decomposition profile, which may be due to the stron-
ger interaction between the T hormone and the polymers,
especially the PCL. The DTA curve of the composite showed
three endothermic events associated with some of the raw
materials (Fig. 2f). The event observed at 47 °C can be attrib-
uted to the T, temperature of PLGA, the second at 56 °C

suggests the melting point of PCL, and the third at approxi-
mately 250-350 °C corresponds to the complete degradation
of polymers and T.

pH variation

During the first 24 h of the pH evaluation, a slight pH decrease
was observed in all samples (6.5). However, at 48 h, the pH
stabilized at approximately 7.4.

In vitro bioactivity (SEM/EDS)

The SEM and EDS results of the PLGA/PCL/BC.P/T com-
posite revealed a porous structure and a higher prevalence of
calcium and phosphate, respectively (Fig. 3a and Suppl. 3a,
respectively). SEM-EDS of the same composite after soaking
in SBF for 21 days showed an increased exposure of pores and
higher intensity of the calcium and phosphate peaks, respec-
tively (Fig. 3b and Suppl. 3b). Examination of the composite
without hormone showed the same characteristics before and
after 21 days in SBF (Fig. 3c and Suppl. 3c¢). EDS analysis
further confirmed the Ca/P molar ratio of the composite sur-
face was 1.63.

Viability study

Under normal conditions, osteoblasts showed significantly
higher values of viability increasing over the time (7, 14,
and 21 days). However, in the presence of the hormone (T),
this was more notorious even when compared to the
bioceramic group. In this group, a higher number of viable
cells were observed after 7 and 14 days, compared to the
group without hormone. The difference was maintained at
21 days (P <0.001) also and statistically significant (Fig. 4a).

Assay of alkaline phosphatase

In agreement with viability data, alkaline phosphatase assay
was used to evaluate osteoblasts cells activity. Figure 4b pre-
sents the alkaline phosphate activity for each group in the
three experimental times.

Collagen production

To examine the effects of composites with T on collagen pro-
duction, the Sircol assay was performed (Fig. 4c). The colla-
gen production in the control group increased over time
(P <0.05). The production of collagen by the osteoblasts by
PLGA/PCL/BCP/T was P < 0.05 than the collagen production
when compare with control group and composite without the
hormone until the 14th day of stimulation. After 21 days of
stimulation, the production of collagen in the presence of T
was statistically lower than the collagen production in the
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Fig. 3 SEM images of a
PLGA/PCL/BCP/T and b
PLGA/PCL/BCP/T after soaking
in SBF for 21 days and ¢
PLGA/PCL/BCP after soaking in
SBF for 21 days

control group and similar with the composites without hor-
mone at the same stimulation period.

Quantification of osteocalcin

Osteocalcin (OCN) is a non-collagenous protein synthesized
by osteoblasts, and its expression is linked to mineralization of
the extracellular matrix. The concentration of osteocalcin was
statistically higher in the composite with T compared to the
respective controls of 7 and 14 days of stimulation (Fig. 4d).
These findings demonstrate that cells seeded with the
PLGA/PCL/BCP/T composite are at a more advanced stage
of maturation compared with the cells seeded with the com-
posite without hormone and control cells (Xynos et al. 2000;
Shor et al. 2007). The cells with the composite with T had

Fig. 4 In vitro assays of
osteoblasts cells with polymer-
bioceramic composites incorpo-
rated with testosterone. a Cell vi-
ability (MTT assay), b alkaline
phosphatase activity, ¢ collagen
concentration, d osteocalcin con-
centration, e nodules of minerali-
zation, and f nitric oxide concen-
tration after 7, 14, and 21 days of
stimulation. Data analyzed repre-
sent mean + SD of optical density
measurement of each test of
hexaplicate from three separate
experiments. *P < 0.05;
#*P<0.01; ***P<0.001

Viability and proliferation cell
ALP activity (U/mg protein) (570 nm)

Collagen pg/mL
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higher concentrations of OCN after 21 days (0.35 ng/mL)
compared with the composite group without hormone
(Fig. 4d; P <0.001). This result is consistent with the MTT,
alkaline phosphatase, and collagen results, which showed that
the T enhances the viability and osteoblastic cell response,
increasing the production of osteocalcin.

Matrix mineralization

Matrix mineralization was evaluated by von Kossa staining
using a short- and long-term exposure of osteoblasts to com-
posites. Interestingly, nodules of mineralization were ob-
served with osteoblasts seeded with composites loaded with
T after 7 days, while no mineralization was observed with the
control group (Fig. 4e). Higher amounts of mineralization

d

&3 Control
PLGA/PCL/BCP/T
E3 PLGA/PCL/BCP

&3 Control
PLGA/PCL/BCP/T
E3 PLGA/PCL/BCP

OCN Concentration
(ng/mL)

EE Control
PLGA/PCL/BCP/T
E3 PLGA/PCL/BCP

E@ Control
E23 PLGA/PCL/BCP/T
E3 PLGA/PCL/BCP

U mineralization nodules

E3 Control
PLGA/PCL/BCP/T
E3 PLGA/PCL/BCP

EE@ CONTROL
PLGA/PCL/BCP/T

E3 PLGA/PCL/BCP

Nitric oxide uM
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nodules were observed with the composite with T compared to
hormone-free composites at 14 days. However, after 21 days,
there was no significant difference between the number of
mineralization nodules in the control and the PLGA/PCL/
BCP/T composites (Fig. 4e).

NO concentration

Figure 4f shows the NO concentrations at the three experi-
mental time points in cell cultures with the composites. The
NO concentration was low in all groups at all experimental
times studied (Fig. 4f). No significant differences in the con-
centration of NO were observed among groups. NO has been
shown to interfere with bone metabolism (Van’t Hof and
Ralston 2001). Although its role is still somewhat unknown,
studies have shown that it has a biphasic effect in osteoblastic
and osteoclastic activities. In vitro studies indicate that low
concentrations of NO produced constitutively by osteoblasts
might act as an autocrine stimulator in osteoblasts prolifera-
tion (Riancho et al. 1995; Lin et al. 2008), whereas high con-
centrations inhibit both activity and proliferation of these cells
(Lin et al. 2008).

Fig. 5 Histological evaluations of
composite/tissue interaction after
implantation in the dorsal subcu-
taneous of rat. Control group after
a 15 days, b 30 days, ¢ and

60 days of surgical procedure.
PLGA/PCL/BCP/T composite af-
ter d 15 days, e 30 days, and f
60 days of implantation.
PLGA/PCL/BCP composite after
g 15 days, h 30 days, and i

60 days of implantation

Histopathological analysis

During the experimental period, the animals showed no post-
operative complications. They quickly returned to their nor-
mal diet and showed no loss of body mass. Furthermore, no
animal died during the experiment and infection was not de-
tected in the injured area.

The control group presented inflammation compatible with
the physiological process at all times evaluated (Fig. 5a, b). In
the PLGA/PCL/BCP/T group, chronic inflammatory infil-
trates with lymphocytes, plasma cells, and macrophages in
connective tissue, capillary neoformation, and fibroblasts with
collagen fibers were observed after 30 days (Fig. 5c¢). The
presence of chronic inflammatory infiltrate, multinucleated
giant cells, dilated vessels and hyperemia, fibroblasts, and
collagen fibers were observed after 60 days (Fig. 5d).
Similarly, the PLGA/PCL/BCP group showed chronic inflam-
matory infiltrate, foreign body cells around the amorphous
material, giant cells, dilated vessels, and hyperemia, capillary
neoformation, fibroblasts, and collagen fibers in the chronic
inflammatory infiltrate after 30 and 60 days (Fig. Se, f). In
summary, the PLGA/PCL/BCP/T or PLGA/PCL/BCP scaf-
folds did not induce tissue necrosis. Therefore, these results
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indicate that PLGA/PCL/BCP/T scaffolds are biocompatible
materials in this setting.

Over time, SEM analyses of composite scaffold showed
superficial bioerosion. No difference between the composites
with or without T related to biodegradability and biocompat-
ibility was observed by macroscopic and SEM analyses.
However, a strong tissue-composite interaction was observed
until 60 days of implantation, independent of T addition.
Furthermore, the composites stimulated microvasculature
(Fig. 6).

Discussion

In the present work, physicochemical and biological proper-
ties were examined since those mean an important role in
physiological and pathological processes including tissue re-
modeling and inflammation. Previous assembly procedures
using biodegradable polymer and calcium phosphate scaffolds
allowed the production of scaffolds with characteristics suit-
able for the growth of osteoblasts (Da Costa et al. 2012).
Initially, it was demonstrated that the biodegradable scaf-
folds were thermally stable up to approximately 100 °C,
which guarantees the use of the composite with presence or
absence of T in physiological and storage conditions. The
addition of T to the composite did not alter its degradation
temperature and this result is consistent with the literature
(Barbanti et al. 2008; Dorozhkin 2011; Abd EI-Mohdy 2012).
Additionally, the pH is a critical parameter for cell viability
since the majority of cells requires an optimal pH of 7.4 for
normal growth and begins to lose viability when the pH reaches

Fig. 6 SEM images of evaluation
in rats subcutaneous connective
tissue treated with a PLGA/PCL/
BCP/T after 15 days, b
PLGA/PCL/BCP/T after 30 days,
¢ PLGA/PCL/BCP/T after

60 days, d PLGA/PCL/BCP after
15 days, e PLGA/PCL/BCP after
30 days, and f PLGA/PCL/BCP
after 60 days
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6.0-6.5 (Freshney 1994). The pH measurement was taken from
all composite samples, with or without hormone and the slight
acidification (6.4) of the medium recorded in the first 24 h did
not interfere with the adhesion and viability of osteoblasts. This
fact is related to the degradation of the PLGA polymer and PCL
that when in the form of polymer blend feature faster degrada-
tion (Zhao et al. 2011; Galow et al. 2017).

Since the addition of T to the composite would affect the
apatite-inducing ability of BCP, the bioactivity of scaffolds
was investigated in parallel. The present work verified
in vitro by EDS examination the formation of like-
hydroxyapatite on the surfaces, which showed a similar char-
acteristic as those reported in the literature (Zhao et al. 2011).

The EDS analyses showed that the molar ratio of calcium/
phosphate on the composite surface was approximately 1.63,
which is approximated to the data reports in the literature. In
this work, it was evaluated whether the PLGA/PCL/BCP/T
composite would affect the capacity of induction of apatite
of BCP. The results demonstrated that BCP still has this capa-
bility to induce the formation of bone-like apatite and that this
activity was independent of the incorporation of T to the
composite.

Biphasic calcium phosphate bioceramic was shown to in-
duce the formation of bone-like apatite on the surface of the
materials in vitro and in vivo when implanted in an animal,
which reflects the potential of the materials to bond with bone
tissue (Legeros 2008; Lobo et al. 2015). These results demon-
strate that BCP still has the ability to induce the formation of
bone-like apatite and that this activity was independent of T
incorporation in the composite and was in accordance with
those of the cell viability demonstrated by MTT assay.
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The androgens directly stimulate osteoblasts proliferation
in vitro and induce the expression of alkaline phosphatase in
osteoblastic cells (Kasper et al. 1989). These actions are me-
diated by androgen receptors on osteoblasts that increase
DNA synthesis and differentiation or by aromatization of
androgens.

The overall process of mineralization can be attributed to
the cell metabolism process including proliferation, matrix
maturation, and mineralization. For that reason, the alkaline
phosphatase was measured, which is associated with the min-
eralization process of the extracellular matrix and is responsi-
ble for the hydrolysis of organophosphates, increasing the
concentration of phosphate ions at the sites of mineralization,
as together with calcium ions promote the formation of de-
posits of calcium phosphate in mineralization matrix (Miiller
et al. 2011). The osteoblasts seeded with composites with the
hormone showed higher alkaline phosphatase activity,
representing the largest cell differentiation in the three time
points when compared to their respective controls and to the
composite without T (P <0.05).

An interesting finding was that the cultured cells with com-
posites with testosterone addition maintaining the activity of
alkaline phosphatase production up to 14 days, with the re-
lease of osteocalcin and extracellular matrix mineralization.
Also, the scaffold-T presence favored highest collagen pro-
duction of osteoblasts after 7 and 14 days in comparison with
the other experimental and control group (P <0.001). The
collagen type I is the most present component of the non-
calcified bone matrix that will act as a framework for apatite
and bone crystals. Hormones, as well as growth factors and
cytokines, can act as signaling molecules during the organic
phase (Nanci and Ten Cate 2008, Lin et al. 2008), and the
presence of testosterone may have contributed to this in-
creased production of collagen in the initial periods.

Moreover, the results further proved that T could improve
osteoblasts cell differentiation to greater levels (P <0.001)
than the composite without T during the long-term (Fig. 4b).
Simultaneous and enhanced cell differentiation would provide
an ideal situation for bone growth and repair.

Dihydrotestosterone increases bone formation on the peri-
osteal surface of the cortical bone, whereas estrogens reduce
bone formation (Turner et al. 1990). Studies have demonstrat-
ed that systemic administration of T in primary regimens for
osteopenia and hypogonadism replacement therapy could
help not only ameliorate the symptoms but also to increase
bone mineral density. Since androgens might help promote the
proliferation and differentiation of osteoblasts as well as in-
hibit osteoclastic activity decreased bone density may result.
Here an attempt has been made to exploit this property of T
could bring a potentially high value designed for tissue engi-
neering in support of enhancing bone repair.

According to Notelovitz (2002), testosterone seems to play
an important role in regulating the organization and

production of the bone matrix. These results agree with the
results of Da Costa et al. (2012) which showed the presence of
this hormone in composites of biodegradable polymers and
biphasic calcium phosphate increases the viability of
osteoblasts. In contrast, Wiren et al. (2004) showed that an-
drogen stimulates osteoblasts and osteocyte apoptosis even in
anabolic settings.

It is well-established that not only the number but also the
activity of osteoblasts is critical for normal bone growth and
maintenance. Androgens play a key role in the regulation of
bone matrix production and organization, stimulating osteo-
blast proliferation, differentiation, and synthesis of extracellu-
lar matrix proteins, such as type I collagen, osteocalcin, as
well as mineralization (Benghuzzi et al. 2004).

Similarly, Cheng et al. (2013) evaluated the use of scaf-
folds, containing testosterone or bone morphogenetic
protein-2 or the combination of both, for the treatment of
critically sized bone defects in wild-type rats and knockout
for the androgen (Arko). The results showed that BMP-2 in-
duced bone formation within 14 days in both analyzed groups
wild and Arko rats. Testosterone treatment also induced bone
formation within 14 days in wild rats but not in Arko rats. This
fact is suggesting that the androgen receptor is required for
testosterone initiate bone formation. These results demon-
strate that testosterone is as effective as BMP-2 to promote
healing of critical-size bone defects and that the combination
therapy of testosterone and BMP-2 is superior to single ther-
apy. In the present work, the mass of testosterone used to
prepare the scaffolds was not cytotoxic, since its release into
the medium occurs slowly.

Another important parameter in relation to the structure of
the scaffolds is the presence and size of the pores. The porosity
of the 3D supports used in bioengineering of the bone tissue
has a considerable importance, as it influences several pro-
cesses related to physicochemical properties (such as surface
area, ion release by the matrix, mechanical properties, among
others) and biological processes (cell colonization, diffusion
of gases and nutrients, formation of new blood vessels, etc.).
Porosity is a critical factor for cell migration and the
elaboration of a bone matrix. Yamasaki and Sakai (1992) re-
ported having found heterotopic bone formation around po-
rous ceramic hydroxyapatite granules but not around dense
granules. The porous granules had a size between 200 and
600 um and a continuous and interconnected network, with
a microporosity ranging from 2 to 10 um in diameter. Boyan
et al. (1996) reported that osteoblasts prefer to adhere to pores
with sizes ranging from 200 to 400 pum in diameter to facilitate
migration, adhesion, and proliferation.

In this work, the pore size of the composites was verified
through the MEV; it can be said that they were favorable for
cell adhesion and migration, because to support the growth
and invagination of trabecular bone tissue, the pores must
have the size, minimum, between 40 and 100 um. The size
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of the trabeculae in the bone tissue that varies from 20 to
100 um allows the trabeculae to conduct its own blood vessel,
in the same way as the compact bone (Nasr et al. 1999).

EDS analysis showed that the Ca/P molar ratio of the com-
posite surface is approximately 1.63, which is close to the
hydroxyapatite results reported in the literature (Zhao et al.
2011). Biomass of biphasic calcium phosphate has the ability
to form bone-like apatite on its surface both in vitro and
in vivo, which reflects the potential of the material to bond
with bone tissue (Legeros 2008). In this work, it was evaluated
whether the composite PLGA/PCL/BCP/T would affect the
capacity of induction of apatite by BCP and that this activity
was independent of the incorporation of T to the composite.
The composites loaded with T could increase the rate of bone
mineralization.

Despite the subcutaneous tissue inflammatory response ob-
served in the histopathological study, there was no difference
among the groups. The effect of testosterone on the inflam-
matory process is still not well-established. Studies which
evaluated this relationship showed varying results, depending
on the tissue and cells evaluated the model of study used and
the dosage of T employed. For example, Steffens et al. (2014)
suggested that both low and high testosterone levels increase
inflammatory bone loss in male rats. While low testosterone
predominantly increases the inflammatory response, high tes-
tosterone promotes a higher osteoblast-derived RANKL/OPG
ratio.

The in vivo results corroborate that the angiogenesis, cel-
lular adsorption, and the deposition of fibrous tissue
surrounding the implantation area stimulated with
bioceramics and T incorporation in the scaffold testosterone
did not alter this response. Contrary, Engeland et al. (2009)
related that T activity increased mucosal healing rates and that
the testosterone may impact upon the proliferative phase of
healing which involves re-epithelialization and angiogenesis.
Angiogenesis may provide a temporally regulated flow of cell
populations capable of osteogenic phenotype expression.
Those are strong parameters of material biocompatibility.
Nevertheless, more in vivo studies are necessary in order to
know other systemic effects that may appear after the use of
scaffolds containing testosterone.

Conclusions

The data from the present study demonstrated that the testos-
terone in combination with polymeric composite is able to
increase osteoblast viability with enhanced production of ex-
tracellular matrix and mineralization. Additionally, this scaf-
fold was biocompatible causing cellular adhesion and angio-
genesis, which are crucial to increasing bone regeneration and
can be exploited to investigate this promising scaffold for
bone integration.
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