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Abstract

BACKGROUND: Nowadays, production of nanocomposite scaffolds based on natural biopolymer, bioceramic, and metal
ions is a growing field of research due to the potential for bone tissue engineering applications.

METHODS: In this study, a nanocomposite scaffold for bone tissue engineering was successfully prepared using collagen
(COL), beta-tricalcium phosphate (B-TCP) and strontium oxide (SrO). A composition of B-TCP (4.9 g) was prepared by
doping with SrO (0.05 g). Biocompatible porous nanocomposite scaffolds were prepared by freeze-drying in different
formulations [COL, COL/B-TCP (1:2 w/w), and COL/B-TCP-Sr (1:2 w/w)] to be used as a provisional matrix or scaffold
for bone tissue engineering. The nanoparticles were characterized by X-ray diffraction, Fourier transforms infrared
spectroscopy and energy dispersive spectroscopy. Moreover, the prepared scaffolds were characterized by physicochemical
properties, such as porosity, swelling ratio, biodegradation, mechanical properties, and biomineralization.

RESULTS: All the scaffolds had a microporous structure with high porosity (~ 95-99%) and appropriate pore size
(100-200 pm). COL/B-TCP-Sr scaffolds had the compressive modulus (213.44 + 0.47 kPa) higher than that of COL/pB-
TCP (33.14 & 1.77 kPa). In vitro cytocompatibility, cell attachment and alkaline phosphatase (ALP) activity studies
performed using rat bone marrow mesenchymal stem cells. Addition of B-TCP-Sr to collagen scaffolds increased ALP
activity by 1.33-1.79 and 2.92-4.57 folds after 7 and 14 days of culture, respectively.

CONCLUSION: In summary, it was found that the incorporation of Sr into the collagen-B-TCP scaffolds has a great
potential for bone tissue engineering applications.
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Significant progress has been made recently in bone tissue
engineering to provide higher regeneration rates with ideal
mechanical properties suitable for bone tissues [1, 2].
Department of Biomedical Engineering, Faculty of Chemical Scaffolds are necessary to support the damaged tissues,
Engineering, Tarbiat Modares University, Jalal ale Ahmad allowing the cells to proliferate, differentiate, and gradually
Highway, P.O. Box 14115-114, Tehran, Iran .
replaced by new bone tissue [3-5]. The scaffolds for bone

) ! tissue engineering should have appropriate biocompatibil-
Department of Hematology, Faculty of Medical Sciences, itv. biod dati ducti bili
Tarbiat Modares University, Jalal ale Ahmad Highway, ity, biodegra athn rate’.OSteocon L_lcnve abt lt.y to promote
P.O. Box 14115-331, Tehran, Iran new bone formation, with mechanical properties to ensure
Department of Biotechnology, Faculty of Chemical the compatlblht)'/ with SL.lrroundmg tissues, anc} por.ous
Engineering, Tarbiat Modares University, Jalal ale Ahmad structure to provide sufficient space for cell proliferation.
Highway, P.O. Box 14115-114, Tehran, Iran

Tissue Engineering and Applied Cell Sciences Division,

@ Springer


http://orcid.org/0000-0001-7826-6325
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-019-00184-0&amp;domain=pdf
https://doi.org/10.1007/s13770-019-00184-0

238

Tissue Eng Regen Med (2019) 16(3):237-251

The scaffolds comprising synthetic or natural biopolymers
and bioceramics, such as B-tri-calcium phosphate (B-TCP)
and hydroxyapatite (HA) or their composites are used as
biomedical materials for bone regeneration [1, 6, 7]. Col-
lagen and B-TCP are the main organic and inorganic
components of natural bone and are investigated as scaf-
folds for bone tissue engineering [8—11]. Collagen has
unique features including appropriate osteoconductivity,
bioactivity, biodegradability and excellent biocompatibility
[7, 12].

Calcium phosphate ceramics have suitable osteocon-
ductivity and biocompatibility for bone tissue engineering.
B-TCP is currently one of the most frequently used calcium
phosphates for bone tissue application [10, 13-16]. In
addition to being biodegradable, osteoconductive and
resorbable, B-TCP has a Ca/P ratio similar to that of natural
bone [6, 17-20]. Several studies have reported that 3-TCP,
as a bioactive material, has excellent biocompatibility and
moderate degradation rate compared to HA and o-TCP. B-
TCP resorption rate is higher than that of crystalline
hydroxyapatite with a very low resorption rate. The solu-
bility of other calcium phosphate ceramics is also higher
than bone tissue regeneration rate, making them unsuit-
able for the progressive process of new bone tissue
replacement [6, 17-21]. Moreover, B-TCP can promote cell
attachment, increase differentiation and proliferation of
mesenchymal stem cells (MSCs). Previously, we prepared
COL/B-TCP scaffold and the results showed that the
presence of B-TCP particles embedded in the collagen
matrix, could promote the differentiation of MSCs to
osteoblasts with higher alkaline phosphatase (ALP) activity
and mechanical strength of the scaffold compared to pure
collagen scaffold. More importantly, in vivo subcutaneous
vascularization markedly increased in COL/B-TCP com-
pared to pure collagen [22].

Moreover, the inorganic phase of natural bone is enri-
ched with many metallic ions, and their positive effects on
bone tissue regeneration have been demonstrated else-
where [23]. Several studies have also shown that S,
Zn**, Mg?*, Cu** and Co®" ions play a vital role in
osteogenesis or angiogenesis. Among them, strontium
(Sr2+) has been shown to enhance bone regeneration, due
to its simultaneous stimulatory effect on the osteoblast-
mediated bone formation, as well as inhibitory effect on the
osteoclast-mediated bone resorption [24-28]. Several
attempts have been made to introduce SrO into B-TCP
structure to enhance its physicochemical properties as well
as biological responses of the scaffold. These improve-
ments are due to the changes in the physicochemical
properties of CaPs, such as crystallinity, solubility, surface
energy, microstructure, and dissolution rate [24, 28-34].
Strontium is believed to participate in dental tissue min-
eralization because of its similar physicochemical
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properties to calcium. Since bacterial infection can prevent
the process of bone regeneration, recent studies have
reported that incorporation of Sr into the dental and
orthopedic biomaterials, such as B-TCP and HA, may
inhibit the bacterial growth [35].

As calcium phosphate containing Sr has been shown to
have the potential of angiogenic stimulation during the
early phase of bone repair process, it can be used to fab-
ricate bone scaffolds. Released Sr can induce VEGF
expression in the host cells, which in turn promotes
angiogenesis and more bone defect repair in vivo
[34, 36-38].

Banerjee et al. [33] prepared SrO and MgO doped with
B-TCP by milling media system, and showed that both
MgO and SrO can affect the physicochemical and biolog-
ical properties of B-TCP. It has been shown that B-TCP-
MgO/SrO scaffold has slower degradation rate than pure -
TCP scaffold during the implantation. They also showed
that, the presence of Sr and Mg have beneficial effects on
the cell adhesion and osteogenic differentiation of MSCs.
Tarafder et al. [24] also studied the presence of strontium
and magnesium in 3D printed macroporous B-TCP scaf-
folds on in vivo osteogenesis. Histomorphology analysis
showed a significant increase in bone formation, and
mineralization inside Sr-Mg doped B-TCP scaffolds com-
pared with pure B-TCP scaffolds. In another study, stron-
tium doped calcium phosphate spheres (SrCPS) was
prepared by Hulsart-Billstrum et al. [32], and cell viability
and cytotoxicity were evaluated with different concentra-
tions (0—1000 pg/mL) of SrCPS. The SrCPS showed no
toxicity at all concentrations. StCPS implantation induced
bone formation in comparison to pure CPS, resulting in
complete resorption and defect consolidation.

In this study, we developed a novel COL/B-TCP-Sr
nanocomposite scaffold using the freeze-drying method. At
first, SrO was doped with B-TCP particles (B-TCP-Sr), and
the synthesized B-TCP-Sr nanoparticles were then added as
inorganic additives to collagen for scaffold fabrication. The
aim of this study was to evaluate the effect of Sr addition
on the physicochemical and biological properties of COL/
B-TCP scaffold.

2 Materials and methods
2.1 Materials

B-TCP sintered powder, anhydrous ethanol, N-(3-
dimethylaminopropyl)-N’-ethylcarbodiamide  hydrochlo-
ride (EDC), N-hydroxysuccinimide (NHS) and SrO were
purchased from Sigma Aldrich (St. Louis, MO, USA). An
aqueous solution of type I collagen prepared from goat
tendon (3.2 mg/mL, pH 2.9) in acetic acid (CH;COOH)
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was purchased from Nitta Gelatin Inc (Madison, NY,
USA). Dulbecco’s modified Eagle’s medium (DMEM),
trypsin—-EDTA, antibiotics (penicillin/streptomycin), fetal
bovine serum (FBS), phosphate buffered saline (PBS) were
purchased from Gibco (Waltham, MA, USA).

2.2 Preparation of nanoparticles
and nanocomposite scaffolds

B-TCP powder (4.9 g) was doped with 0.05 g SrO, by
mixing in 7.5 mL anhydrous ethanol in a ball-milling
system containing 100 g of 5 mm Zirconia milling media.
In order to minimize the particle size and increase the
homogeneity of the powder, the mixture was milled for 6 h
at 70 rpm. After milling, the obtained powder (3-TCP-Sr)
was dried in an oven at 60 °C for 72 h [24]. Collagen
solution was mixed with B-TCP or B-TCP-Sr to obtain a
homogenized solution after 6 h. The solution was poured
into a cylindrical mold (5 cm in length and 1 cm in
diameter) and then frozen at — 20 °C for 6 h, and stored at
— 80 °C overnight. Three different types of scaffolds were
prepared by freeze drying technique: collagen (COL),
collagen/B-TCP (COL/B-TCP (1:2 w/w)), and collagen/p-
TCP-Sr (COL/B-TCP-Sr (1:2 w/w)). The prepared scaf-
folds were cross-linked at room temperature, using a
solution of 50 mM EDC/25 mM NHS in 10 mL of 98%
V/V ethanol. The samples were then washed in deionized
water to remove the unreacted EDC/NHS solution for 24 h
with water change every 6 h. Finally, the samples were
freeze-dried to obtain porous scaffolds. A schematic pic-
ture of the scaffolds preparation process is shown in Fig. 1.

2.3 Isolation and expansion of rat bone marrow
mesenchymal stem cells (rBM-MSCs)

For cell culture studies, bone marrow (BM) was collected
from the femurs of three Wistar rats aged 4-6 weeks.
Briefly, the femurs and tibiae were dissected by cutting at
the joints, and the bones were carefully cleaned and
washed twice with PBS. The bones were held with forceps
in a culture dish, and a needle was inserted into the bone
cavity. The BM was flushed with DMEM and the bone
cavities washed twice again. The medium containing BM
was then centrifuged for 5 min at 1200 rpm. BM was
mixed with the complete medium, plated in 75 cm? culture
flasks and incubated at 37 °C and 5% CO,, with medium
change twice a week. For the present study, BM-MSCs
were used after 3 passages [39, 40].

2.4 Characterization
2.4.1 Characterization of the prepared nanoparticles

Phase analysis of B-TCP and B-TCP-Sr samples was car-
ried out by X-ray diffraction (XRD; Philips, Amsterdam,
Netherlands), using Co Ko radiation without any filter.
Each run was investigated with 26 values of 10-90 at a step
size of 0.02 and a count time of 0.5 s per step. The
recorded XRD patterns and quantified phase composition
were analyzed using X’Pert High Score Plus software.
Fourier transforms infrared spectroscopy (FTIR) analysis
was conducted using FTIR spectrophotometer manufac-
tured by Perkin- Elmer (Waltham, MA, USA). Briefly, a
few milligram of the sample was mixed with KBr at a ratio
of 1/100, pressed into the disks, and assessed at 400 to
4000 ¢cm?. In order to determine the percentage of Ca, P, O
and Sr in B-TCP and B-TCP-Sr particles, an energy dis-
persive spectroscopy (EDAX; Rontec, Mahwah, NJ, USA)
analysis was carried out. The samples were placed on the
aluminum supports, and air-dried at 25 °C. For dynamic
light scattering (DLS) analysis, B-TCP and B-TCP-Sr were
prepared in ethanol anhydrous at 0.1 mg/mL concentration.
The mean hydrodynamic diameter and size distribution of
B-TCP and B-TCP-Sr were measured by DLS (ZSP, Mal-
vern Instrument, Worcestershire, UK) equipped with
helium—neon laser and scattering angle [41].

2.4.2 Characterization of the nanocomposite scaffolds

FTIR was performed to investigate the interaction between
COL, COL/B-TCP and COL/B-TCP-Sr in the range of 400-
4000 cm ™" at a scan speed of 23 scans/min with a reso-
lution of 1 cm™" in KBr-diluted medium. Morphology of
the prepared scaffolds was investigated by scanning elec-
tron microscopy (SEM; XL30, Philips, Amsterdam,
Netherlands). The samples were also quenched in liquid
nitrogen and broken into pieces for the cross-sectional
study. Porosity of the prepared scaffolds was measured
using Archimedes’ principle. Briefly, the scaffolds were
completely immersed in a container filled with ethanol
until they were saturated. The porosity was then calculated
according to the following Eq.:

(W2 — w3 — wy)/pe

x 100
(Wi —w3)/pe

Porosity (%) =

where W is the weight of the container filled with ethanol;
W, is the weight of the container filled with ethanol
including the scaffold; W3 is the weight of the container
filled with ethanol after removal of the scaffold; W, is
weight of the dry scaffold and p, is ethanol density [22].
Swelling ratio was used to evaluate the swelling behavior
of the scaffolds. Briefly, the scaffolds were placed in PBS
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Fig. 1 A A schematic representation of the scaffold preparation process for COL, COL/B-TCP and COL/B-TCP-Sr. B The cross-linking reaction

mechanism between collagen and B-TCP by EDC/NHS

(pH 7.4) solution at 37 °C in humidified atmosphere of 5%
CO, for 1, 3, 24 and 48 h. Every time, the wet weight was
recorded after taking out the scaffolds and removing the
surface water by a filter paper [22]. The swelling ratio was
evaluated using the following Eq.:

Swelling ratio = (wet weight—dry weight) /dry weight

The prepared scaffolds were studied for their in vitro
degradation in PBS solution, according to our previous
work [22]. The scaffolds of equal weight in 10 mL PBS
(pH 7.4) were incubated in a water bath at 37 °C. To
prevent the fungal growth over the experimental period,
sodium azide (0.1 wt%) was added to the PBS. The scaf-
folds were removed at predetermined time-periods (15, 30
and 60 days), washed in distilled water and dried in a
vacuum desiccator. The weight loss percentage was cal-
culated using the following Eq.:

Weight loss (%) = (W1 —W,)/W; x 100
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where W, and W, are the weight of the scaffolds before
and after degradation, respectively. Compression tests on
the scaffolds were conducted at room temperature (25 °C)
using a conventional testing machine (H10KS, Hounsfield,
UK) by applying 250 N load at a loading rate of
1 mm min~" until the sample was compressed to 50% of
its original height. All samples were cut into cylindrical
shapes (30 mm in height and 10 mm in diameter,
n = 2/group). The compressive modulus was evaluated
from the slope of the stress—strain curve in the elastic
region. The biomineralization activity of COL/B-TCP and
COL/B-TCP-Sr scaffolds was measured by immersion of
each scaffold in simulated body fluid (SBF) and incubation
at 37 °C and 5% CO, for 3 and 7 days. The scaffolds were
then removed from the SBF, washed with deionized water,
and dried. The morphology (crystals on the surface) and the
amount of Ca and P formed on the scaffolds were evaluated
using SEM and EDAX, respectively [42].
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2.4.3 Cell evaluations

rBM-MSCs were seeded on the scaffolds (10 x 10° cells/
scaffold) in 96-well plates. DMEM, supplemented with
FBS (10% v/v) and penicilin/streptomycin (1% v/v) was
used as the culture medium. Prior to cell seeding, the
scaffolds were sterilized by immersion in ethanol 70%, for
15 min, then washed with PBS and treated with ultraviolet
radiation for 20 min. Cytotoxicity of the scaffolds was
evaluated by MTT assay. Briefly, the scaffolds were seeded
in 96-well plate (n = 3). After 24, 48 and 96 h of incuba-
tion, a cytocompatibility assessment was carried out using
3-[4, 5-dimethylthiazol-2-y1]-2, 5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA)
colorimetric assay. The culture medium was removed, and
200 pL a solution containing a ratio of 5:1 from media and
MTT (5 mg/mL in PBS) was then added to each well and
incubated for 2.5 h at 37 °C and 5% CO,. Then, the
medium was removed, and the formazan precipitates were
dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich,
St. Louis, MO, USA). Absorbance was measured at
545 nm using a microplate reader (Thermo Scientific,
Mahwah, NJ, USA). Cellular attachment on the scaffolds
was evaluated by SEM. After 48 h, the attached cells were
fixed in 2.5% (v/v) glutaraldehyde for 1 h. The scaffolds
were washed three times with PBS, dehydrated with etha-
nol solutions (50, 60, 70, 80, 90, and 100%), coated with
gold, and investigated at an accelerating voltage of 20 kV
by SEM (XL30; Philips, Amsterdam, Netherlands). To
assess osteogenic differentiation of MSCs, ALP (Cam-
bridge, England, United Kingdom) activity was determined
at 7 and 14 days with a colorimetric assay. Briefly, the cells
on the scaffolds were washed with PBS (PH 7.4), and then
lysed in assay buffer by sonication. The cell lysate (100
pL) was then mixed with 100 pL. of p-nitrophenyl phos-
phate (pNPP) substrate solution. After incubation at 37 °C
and 5% CO, for 1 h, NaOH was added to stop the reaction,
and the absorbance was measured at 405 nm using a
microplate reader.

2.5 Statistical analysis

All the results have been presented as mean =+ standard
deviation (SD) and analyzed by one-way ANOVA with
Tukey’s multiple comparison test.

3 Results

3.1 Nanoparticles characterization

XRD patterns of B-TCP and B-TCP-Sr are presented in
(Fig. 2). Three intense diffraction peaks were observed at

20 = 30°-40° for B-TCP and B-TCP-Sr samples. For B-
TCP-Sr composition, CaP, Sr and SrO phases were also
detected (ICDD ref, codes 00-009-0169, 01-089-4047,
00-001-0886 with 60, 10 and 7% phase percent, respec-
tively). The presence of CaP phase (ICDD ref, code
00-009-0169 with 73% phase percent) and a less intense
peak of calcium pyrophosphate (Ca,P,07) and hydroxya-
patite (HAp) (ICDD ref, code 00-011-0177 and 01-072-
1243 with 19% and 9% phase percent respectively) indi-
cated the calcium phosphate-ceramic structure of the B-
TCP. While no o-TCP peaks were detected in the spectra, a
slight peak shift for B-TCP-Sr specimens was detectable.
A Shift in 20 for Sr-doped B-TCP confirmed substitution of
Ca*" with Sr** in B-TCP network. Such peak shifts as the
result of dopant addition, are common and have been
extensively described elsewhere [43—45]. FT-IR spectra of
B-TCP and B-TCP-Sr samples are shown in Fig. 2. B-TCP
sample had two bands at 551 and 605 cm ™! that were due
to O-P-O bending mode. The bands at 1020 and
1090 cm™' were assigned to asymmetric stretching mode,
and 968 cm™' band was correlated with symmetric
stretching vibration. From the FT-IR of B-TCP-Sr, some
band shifts were observed, and two new bands at 1424.03
and 2819.51 cm ™' appeared, representing the presence of
SrO [33]. The energy dispersive Xx-ray spectroscopy
(EDAX) confirmed the presence of calcium, phosphorus
and oxygen (Fig. 3A) and strontium (Fig. 3B) elements, in
B-TCP and SrO samples. The presence of Au in B-TCP and
B-TCP-Sr nanoparticles may be due to the gold coating.
Figure 3C, D depict the hydrodynamic diameter of B-TCP
and B-TCP-Sr nanoparticles. DLS shows a narrow hydro-
dynamic diameter profile of nanoparticles between 70 and
140 nm with peaks around 109 nm (Fig. 3C) and 85.1 nm
(Fig. 3D) for B-TCP and B-TCP-Sr nanoparticles, respec-
tively. The polydispersity index (PDI) for B-TCP and -
TCP-Sr nanoparticles, were 0.175 and 0.270, respectively.

3.2 Scaffold characterization

FT-IR spectra (Fig. 4A) for COL scaffold showed C=0
stretch coupled with COO—- at 1665 cm~! for amide I, N—
H bending coupled with CN stretching at 1551 cm™" for
amide II, N-H bending coupled with CN stretching at
1237 cm™! for amide III band, N-H stretch coupled with
hydrogen bond at 3332 cm™' for amide A, and C-H
asymmetrical stretch at 2942 for amide B. Amide I band is
generally considered as a sensitive indicator of the sec-
ondary structure. By B-TCP and B-TCP-Sr addition, fre-
quency of the band determined for amide I region remained
unchanged at 1600-1700 cm ™', suggesting that the sec-
ondary structure of collagen scaffolds remained stable in
COL, COL/B-TCP and COL/B-TCP-Sr. Moreover, the
shifted amide A from 3320 cm™' in COL/B-TCP to

@ Springer



242

Tissue Eng Regen Med (2019) 16(3):237-251

Fig. 2 A, B X-ray diffraction

(XRD) patterns of B-TCP-Sr ARD
and B-TCP to detect calcium

phosphate and strontium oxide

phases. C FT-IR spectrum of B- A B-TCP-Sr

TCP-Sr sample in which new
bands related to the presence of
SrO in B-TCP were observed.
D FT-IR spectrum of $-TCP
shows bending mode,
asymmetric stretching mode, B B-TCP

and symmetric stretching

vibration g

012

0zio

220

214

1010
214
?2110 220

FTIR

C B-TCP-Sr

il

40 S0
Angle 26 (degree)

P 30
X
g
[
E
E »
z 554 605
-]
£
= D| s-Tcp
'f\\ ms _— ——
3422
10 \ 1043
v, \ 1020
=
2 9
o w Deh N--1120
v 2 S V1042
400 $00 1400 1900 2400 2900 3400 3900

3314 cm™' in COL/B-TCP-Sr may be due to the addition
of strontium oxide [46]. Figure 4B shows SEM image of
the scaffolds. All scaffolds had porous and interconnected
structures, which is of particular importance for cell pro-
liferation and migration in bone tissue engineering appli-
cations. As shown (Fig. 4B), B-TCP and B-TCP-Sr
nanoparticles have been homogenously distributed in the
collagen phase. Furthermore, average pore sizes of the
scaffolds were investigated by image J analysis [47]. COL
scaffold had an average pore diameter of 184 £ 6 um,
while COL/B-TCP and COL/B-TCP-Sr showed an average
diameter of 156 £ 10 and 153 £ 9 pm, respectively. All
scaffold types had porous networks with pore sizes ranging
from 100 to 200 pm, which is thought to be suitable for
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Wavenumber (cm'l)

bone tissue growth and cell attachment. Porosity of the

collagen scaffold calculated from Eq. (3), was
99.1% + 1.67, while it was 98.3% 4+ 1.85 and
97.6% + 2.11 for COL/B-TCP and COL/B-TCP-Sr,
respectively.

The measured compressive modulus of COL, COL/pB-
TCP, and COL/B-TCP-Sr  were 27.94 4+ 0.17,
33.14 + 1.77 and 213.44 £ 0.47 kPa, respectively. There
was no statistically significant difference (p > 0.05)
between COL and COL/B-TCP scaffolds, demonstrating
that the compressive modulus was not affected by the
addition of B-TCP. Nevertheless, doping Sr with B-TCP
significantly increased the mechanical strength compared
with that of the other groups with no Sr (p < 0.05).
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Fig. 3 EDAX spectrum of B-TCP and B-TCP-Sr nanoparticles. A,
B The presence of calcium, phosphorus and oxygen and strontium
elements, in B-TCP and SrO samples were confirmed. The presence of
Au in B-TCP and B-TCP-Sr nanoparticles is due to the gold coating.
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Fig. 4 FTIR was used to detect amide I, II, ITI, A, B and phosphate
bands. A FT-IR spectra of COL, COL/B-TCP and COL/B-TCP-Sr
samples. B SEM images of the surface morphology of COL, COL/f-

Swelling behavior of the scaffolds is shown in Fig. SA.
Collagen swelling increased to 17.61 + 1.51 within 3 h,
and continued to increase slowly until a plateau was
reached at 19.16 £ 1.23. The maximum swelling of COL/
B-TCP and COL/B-TCP-Sr scaffolds were approximately
8.5 £ 0.09 and 3.5 £ 0.15 after 3 h, respectively. The
swelling ratio results showed that all scaffolds reached the
equilibrium swelling point before 24 h. The quantitative
weight loss for all scaffold types is depicted in Fig. 5B. As

COL/g-TCP —

Col/p-TCP

Col/B-TCP-Sr

Cross section

TCP and COL/B-TCP-Sr scaffolds. All the scaffolds had porous and
interconnected structures

shown, all scaffolds showed a mass loss over 60 days, and
this weight loss was faster during the first 15 days. Our
findings indicate that COL scaffold lost 56% = 2.27 of its
weight after 15 days and reached 32% =+ 1.89 of the initial
weight during the incubation time. Notably, the degrada-
tion rate was much slower for scaffolds containing B-TCP
and B-TCP-Sr, with a reduction of only approximately
30% =+ 1.25 and 25% =+ 1.77 over 60 days, respectively.
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Fig. 5 A Swelling ratio, a: highly significant compared with other
groups in all of the time points (COL/B-TCP and COL/B-TCP-Sr;
**p < 0.01), b: significant compared with COL/B-TCP-Sr group in all
of the time points (*p < 0.05). B In vitro degradation, c: highly
significant in initial time points compared with other groups (COL,
COL/B-TCP, and COL/B-TCP-Sr) after 60 days (**p < 0.01), d:
significant at 15 days compared with 30 days in COL group
(*p < 0.05), also highly significant at 15 days compared with 60 days
in COL group, d': significant at 15 days compared with 30 days in
COL/B-TCP group (*p < 0.05), also highly significant at 15 days
compared with 60 days in COL/B-TCP group, d”: significant at
15 days compared with 30 days in COL/B-TCP-Sr group (*p < 0.05),
also highly significant at 15 days compared with 60 days in COL/p-
TCP-Sr group

In vitro bioactivity of the scaffolds were characterized in
standard SBF solution at physiological pH and 25 °C after
3 and 7 days. SEM analysis (Fig. 6) showed mineral
deposition on the surface of COL/B-TCP and COL/B-TCP-
Sr after 7 days. Moreover, EDAX spectra taken after 3 and
7 days immersion in SBF are shown in Fig. 7. Significant
apatite formation was observed on the surface of COL/B-
TCP-Sr sample when compared with COL/B-TCP.

SEM analysis of the surface of COL, COL/B-TCP and
COL/B-TCP-Sr scaffolds seeded with rBM-MSCs after
48 h, shows cells adhesion and proliferation on the surface
of all scaffolds (Fig. 8). rBM-MSCs were spread on the
surface of scaffolds after 48 h of culture, and secreted
ECM that indicates the satisfactory biocompatibility of
scaffolds. Cell viability was assessed by MTT assay after
96 h incubation. As shown in Fig. 9, all types of scaffolds
showed cellular proliferation during 96 h. No significant
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difference in viability was found between different groups
of scaffolds after 96 h. However, the cells cultured on TCP
maintained higher cell viability compared to the scaffolds
(p < 0.05). Variations in ALP activity are shown in Fig. 10
with three replications after 7 and 14 days of culture. There
are differences in ALP activity between all types of the
scaffolds after 7 days of culture. ALP activity increased in
all types of the scaffolds until 14 days, with a sharp
increase in COL/B-TCP-Sr sample due to the presence of
strontium ion in the structure. ALP activity increased 1.59-
3.55 and 1.79-4.57 fold due to the presence of B-TCP and
Sr** after 14 days, respectively. Notably, the addition of p-
TCP-Sr to the pure collagen scaffolds increased ALP
activity by 1.33-1.79 and 2.92-4.57 fold after 7 and
14 days, respectively.

4 Discussion

Previous studies have shown that incorporating of stron-
tium into the bone scaffolds can inhibit bone resorption and
stimulate new bone formation [48]. B-TCP is generally
used as a bone substitute bioceramic with a high chemical
similarity to the inorganic components of bone. However,
the degradation profile of B-TCP is not ideal for many
applications in bone tissue engineering [49]. Metal ion
substitution has been shown to significantly influence the
mechanical and biological properties of B-TCP [50]. Pre-
vious studies have shown that SrO incorporation into B-
TCP structure enhances in vitro osteoblast cell attachment.
B-TCP implants doped with 1.0 wt% SrO showed suit-
able in vivo biocompatibility when examined in male
Sprague-Dawley rats for 16 weeks [51]. Qiu et al. [52]
reported that B-TCP containing 1.0% Sr was the optimal
proportion for higher osteoblastic cell growth. Another
study has shown that incorporating of strontium into the [-
TCP structure promotes osteoclast-like-cells resorption,
and enhances cell differentiation [29]. In the present study,
we hypothesized that incorporation of 1% wt Sr ions into
the B-TCP network can enhance the physicochemical and
biological properties of the collagen scaffold.

Chemical structure of collagen showed an abundance of
carboxylic acids and amine groups (Fig. 1B). The homo-
geneous COL/B-TCP composite was stabilized by EDC/
NHS cross-linking system. EDC/NHS provides short-range
intramolecular cross-linking, which in turn improves the
scaffold strength. It is assumed that short-range amide and
phosphodiester bonds create scaffolds with a network
structure. As shown in Fig. 1B, EDC/NHS facilitates the
formation of short-range amide and phosphodiester bonds
by linking a carboxylic group of collagen with an amine
group on the collagen and also, a carboxylic group of
collagen with a phosphate group of B-TCP [53]. The
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Fig. 6 SEM images show the mineralization of COL, COL/B-TCP and COL/B-TCP-Sr scaffolds in SBF, after 3 and 7 days of incubation.
Collagen scaffold was selected as the control group and apatite formation was not observed on the surface of collagen scaffold

scaffold morphology is a crucial feature of the scaffolds to
be used for bone tissue regeneration, and is of great
importance for cell attachment and nutrient supplement.
Here, an interconnected porous structure, similar to can-
cellous bone was generated during the freeze-drying pro-
cess [22, 54]. Porosity facilitates cell migration and
vascularization, and it has been reported that composites
prepared by freeze-drying method have larger pore sizes.
The nanocomposite scaffolds have enough porosity and
proper pore size to allow for vascularization and cell pro-
liferation. The porosity of trabecular bone is 50-95%,

while more tissue ingrowth and new bone formation occur
in higher porosity regions after implantation [8, 9, 55].
Thus, our findings suggested that porosity of the prepared
scaffolds (~ 95-99%) was sufficient for cell adhesion and
proliferation.

Providing sufficient mechanical strength is a significant
criterion for tissue-engineered scaffolds. Therefore, evalu-
ation of mechanical properties, especially compressive
modulus, is crucial for the production of scaffolds for bone
tissue applications [1]. Collagen- based scaffolds generally
show a limited range of mechanical properties. To address
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Fig. 7 EDAX analysis for COL/B-TCP and COL/B-TCP-Sr scaffolds
in SBF after 3 (A, C) and 7 days (B, D). The amount of phosphorous
and calcium ions was increased at the surface of COL/B-TCP-Sr
scaffolds compared to COL/B-TCP, after 7 days

this problem, collagen scaffolds have been prepared with
bioceramics. The improvement in the mechanical proper-
ties after addition of B-TCP-Sr particles may be influenced
by some factors, including homogeneous dispersion of the
particles within the polymer matrix, strong interactions
between the particles and polymer, and particle size.
Likewise, the improvement in mechanical properties of the
scaffolds containing B-TCP-Sr nanoparticles may be due to
several divalent metal ions, such as calcium and strontium,
which can form ionic bonds with the carboxyl (COOH)
groups on the collagen polypeptides, and therefore, influ-
ence the organization of collagen network. Our findings
demonstrated that the incorporation of Sr in COL/B-TCP
improved the scaffolds compressive modulus. Previously,
Tarafder et al. [24] created three scaffolds (1: pure TCP:
conventional sintering, 2: pure TCP: microwave sintering,
and 3: Sr-Mg-Doped TCP: microwave sintering with dif-
ferent particle sizes (1000, 750, and 500 pm)). They found
a significant difference between the groups 1 and 2, with 3
for each particle size, suggesting an increase in the com-
pressive modulus of the scaffold as the result of Sr and Mg
addition. However, this improvement depended on the
particle size and its homogeneous dispersion within the
polymeric matrix. Dispersion affects the interactions
between the polymer and particles. Furthermore, they
showed a significant improve in the compressinve modulus
by decreasing the particle size. Hence, particle size posi-
tively affects the mechanical properties. Therefore, not
only a small increase in divalent ions influences the
mechanical properties, but also a change in the particle size
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has a positive impact on improving the compressive
modulus [56]. Zhang et al. [57] prepared 3-D porous Sr-
containing mesoporous bioactive glass (MBG) scaffolds
using a 3-D printing technique. Importantly, the 3-D
printed Sr-MBG scaffolds exhibited a high compressive
strength of ~ 8-9 MPa, which was greater than or com-
parable with the MBG scaffolds. John et al. [58] prepared
new organic—inorganic hybrid scaffolds [hybrid calcium
phosphate (HCPP) and strontium doped HCPP (HCPSP)].
The value of compressive modulus showed that HCPSP
had a higher compressive modulus (21.7 &+ 2.3 GPa)
compared to HCPP (21.3 + 2.4 GPa).

Scaffold swelling plays a significant role in tissue cul-
ture, and affects cell attachment and differentiation.
Swelling ratio of the nanocomposite scaffolds is associated
with the bioactive ceramic content and cross-linking pro-
cess [22]. Our findings showed that the swelling ratio
decreased by addition the nanoparticles. This may be due
to the presence of B-TCP-Sr and B-TCP, which resulted in
cross-linking between the chains, and decreased the
hydrophilicity of collagen by the linkage of phosphate
(PO;™) and calcium (Ca*™) or strontium (Sr**) to the
hydrophilic NH, or COOH groups. The combination of
calcium phosphate with strontium inhibits the extension of
polymer chains, which subsequently decreases the swelling
ratio. Dispersion of B-TCP and B-TCP-Sr nanoparticles in
the collagen could improve the structural constancy of the
nanocomposite scaffolds.

Biodegradation rate of the scaffold is an essential feature
in substitution with newly formed tissue [58]. The combi-
nation of B-TCP and the polymeric scaffold changes the
bulk and surface properties of the scaffold, and therefore,
can affect the polymer degradation characteristics. The
dissolution of alkaline ions (e.g., Ca’" and Sr2+) from the
B-TCP-Sr structure neutralizes the possible acidic by-
products of polymer degradation and prevents the auto-
catalytic degradation [3]. Furthermore, substitution of cal-
cium ions with larger ions, such as strontium, leads to
decreased irregularity of the network, as a result of the
lower disruption rate of Sr-doped B-TCP. We confirmed
the lower degradation rate of scaffolds containing Sr
compared with that of the Sr-free scaffolds, and showed
rapid degradation of the pure collagen scaffold over a
2-week period. Therefore, B-TCP and B-TCP-Sr nanopar-
ticles prevented rapid degradation of nanocomposite
structure. The reduced degradation rate of COL/B-TCP-Sr
scaffold might be beneficial as it can provide sufficient
time for the formation of ECM during tissue regeneration
[8].

The apatite-formation ability of a scaffold in SBF is
useful for predicting the in vivo bone formation [59]. The
amount of phosphorous and calcium ions at the surface of
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Fig. 8 SEM images of COL, COL/B-TCP and COL/B-TCP-Sr scaffolds seeded with BM-MSCs, after 48 h. COL/B-TCP-Sr scaffold showed

better cell spreading compared to the other samples

COL/B-TCP-Sr scaffolds increased during the experiment,
due to higher ionic radius of Sr** (113 pm) compared to
Ca”" (99 pm). High surface area of p-TCP-Sr induced high
chemical reactivity, and thereby resulted in good bone-
forming bioactivity. Thus, substitution of Ca with Sr
expands the crystal structure of B-TCP, assuming that Sr
creates a substitution defect, which can lead to a higher
Ca®* release from B-TCP-Sr [50, 57]. The scaffold con-
taining Sr had a good apatite-forming bioactivity, and can
bond well to live bone after implantation in vivo [57]. It

was also shown that the addition of Sr enhanced mineral-
ization of the scaffolds, which is important for cellular
attachment and osteointegration [28].

Cell viability on the scaffolds was lower than that on
TCP. This finding agrees with a previous study [56], which
showed that the lower viability may be due to rapid
degradation of scaffolds. High concentration of Sr*" ions
(> 1 mM) remarkably suppress the proliferation of MSCs
[60]. Notably, the positive effect of Sr on proliferation of
MSCs was not always observed in other studies [48, 61].
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Fig. 9 Cell viability on the scaffolds, a: highly significant at 24 h in
control group compared with COL and COL/B-TCP groups
(**p < 0.01) and significant compared with COL/B-TCP-Sr group
(*p < 0.05), a’: highly significant at 48 h in control group compared
with COL and COL/B-TCP groups (**p < 0.01), c: highly significant
at 48 h in COL/B-TCP-Sr group compared with COL group
(**p < 0.01), a”: highly significant at 96 h in control group compared
with COL group (**p < 0.01)

For instance, Cheng et al. [48] reported that MSCs showed
a similar proliferation rate when comparing calcined por-
cine bone/polycaprolaptone/Sr (CPB/PCL/Sr) and CPB/
PCL scaffolds. Here, Sr content was about 1.02% in B-TCP
structure, as it has been reported that 1.0% Sr in calcium
phosphate ceramics is required for optimal cell growth
[32, 52, 62, 63]. COL/B-TCP-Sr scaffold (Fig. 8) provided
better cell spreading compared to the other samples,
implying that Sr enhanced rBM-MSCs attachment and
proliferation on the scaffolds. In addition, the incorporation
of Sr in B-TCP plays an important role in the adhesion,
spreading and morphology of rBMSCs, but had little effect
on the proliferation. These findings suggest that B-TCP and
Sr incorporated collagen scaffolds provided a favorable
environment for adhesion of MSCs [22, 29].
Differentiation of rBM-MSCs is one of the key factors
for bone tissue engineering. Differentiation of rBM-MSCs
into osteoblast phenotype was determined using ALP
activity [2]. The results of ALP activity indicated that -
TCP-Sr could effectively promote osteoblast differentiation
compared with B-TCP, which may be duo to the presence
of Sr in the nanocomposite scaffold [31, 64]. Moreover, the
presence of Ca®t can enhance osteoblast differentiation,
and higher Ca concentration on COL/B-TCP-Sr surface (as
shown in Fig. 9) also contributed to this effect. Qiu et al.
[52, 65] showed that Sr-doped CaP scaffolds could stim-
ulate the differentiation of osteoblastic ROS17/2.8 cells. In
another study, Zreiqat et al. showed that incorporation of Sr
into a calcium silicate ceramic had a stimulatory effect on
the differentiation of osteoblast cells. The exact mechanism
of Sr** effect on the bone cells remains unknown, although
it has been proposed that Sr acts on the calcium sensing
receptor (CaSR) expressed by bone cells, and thus interacts
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Fig. 10 A Comparison of ALP activity for the cells in different
groups after 7 and 14 days. The cells cultured on tissue culture plate
(TCP) were considered as control group. B Fold change of COL,
COL/B-TCP and COL/B-TCP-Sr scaffolds at each time point, a:
significant at 7 days in COL/B-TCP-Sr group compared with other
group (*p < 0.05), b: highly significant at 14 days in COL/B-TCP-Sr
group compared with control (e) and COL (d) groups (**p < 0.01)
and significant compared with COL/B-TCP group (*p < 0.05), c:
highly significant at 14 days in COL/B-TCP group compared with
control (**p < 0.01) and significant compared with COL group
(*p < 0.05), d: highly significant at 14 days in COL group compared
with control (**p < 0.01)

with signaling pathways. Furthermore, an increase in B-
catenin expression indicates an enhanced transcription of
osteogenic factors, which in turn inhibits the formation of
osteoclasts and their resorption activity [28]. The presence
of Sr*" in the doped TCP was beneficial for osteogenic
differentiation of MSCs present in the bone marrow.

In this study, a new nanocomposite scaffold has been
successfully developed by freeze-drying method, using a
combination of collagen, B-TCP and SrO. COL/B-TCP-Sr
nanocomposite scaffold was prepared for bone tissue
applications and compared to COL/B-TCP scaffolds to
clarify the effect of metallic ion (Sr*") on the physico-
chemical and biological properties. The scaffolds contain-
ing Sr exhibited higher mechanical strength, slower
degradation rate, lower swelling ratio and higher
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differentiation ability compared with those without Sr. It
was also shown that incorporation of Sr into the structure
of collagen-B-TCP scaffold has a great potential for bone
tissue engineering applications.
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