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Introduction: Poly(L-lactic acid) (PLLA) has been approved for clinical use by the US Food
and Drug Administration (FDA); however, their stronger hydrophobicity and relatively fast deg-
radation rate restricted their widespread application. In consideration of the composition of bone,
the inorganic—organic composite has a great application prospect in bone tissue engineering.
Many inorganic—organic composite scaffolds were prepared by directly mixing the active
ingredient, but this method is uncontrolled and will lead to lack of homogeneity in the polymer
matrix. Strontium (Sr) is an admirable addition to improve the bioactivity and bone induction of
hydroxyapatite (HA). To our knowledge, the application of biomimetic mineralized strontium-
doped hydroxyapatite on porous poly(L-lactic acid) (Sr-HA/PLLA) scaffolds for bone defect
repair has never been reported till date. Biomimetic mineralized Sr-HA/PLLA porous scaffold
was developed in this study. The results indicated that the Sr-HA/PLLA porous scaffold could
improve the surface hydrophobicity, reduce the acidic environment of the degradation, and
enhance the osteoinductivity; moreover, the ability of protein adsorption and the modulus of
compression were increased. The results also clearly showed the effectiveness of the Sr-HA/
PLLA porous scaffold in promoting cell adhesion, proliferation, and alkaline phosphatase (ALP)
activity. The micro computed tomography (micro-CT) results showed that more new bones
were formed by Sr-HA/PLLA porous scaffold treatment. The histological results confirmed the
osteoinductivity of the Sr-HA/PLLA porous scaffold. The results suggested that the Sr-HA/PLLA
porous scaffold has a good application prospect in bone tissue engineering in the future.
Purpose: The purpose of this study was to promote the bone repair.

Materials and methods: Surgical operation of rabbits was carried out in this study.
Results: The results showed that formation of a large number of new bones by the Sr-HA/PLLA
porous scaffold treatment is possible.

Conclusion: Biomimetic mineralized Sr-HA/PLLA porous scaffold could effectively promote
the restoration of bone defects in vivo.

Keywords: Sr-HA, PLLA porous scaffold, biomimetic mineralization, bone repair

Introduction

Bone defect is a common clinical disease and also a serious problem in the orthopedic
treatment. A study showed that there are more than one million patients with bone
defect each year in China due to illness and trauma, and the repair of bone defects
has always been the focus of continuous research.! To satisfy the different needs
in bone tissue engineering, various materials have been employed as scaffolds for
tissue reconstruction. Generally, these materials are divided into three groups: metals,
ceramics, and polymers. The metals such as titanium (Ti) are the excellent substitute
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for medical implants because of their superior load-bearing
properties; however, they lack degradability and osteocon-
ductivity in the body, which limit their applications.>* Yang
et al reported that the surface-modified Ti with hydroxy-
apatite (HA) and heparin—bone morphogenetic protein-2
complex could enhance the efficiency of bone formation
and integration in vivo.’ The biological ceramic materials,
such as calcium phosphates and HA, for tissue engineering
because of the good osteoconductivity are also limited due
to brittleness and poor degradability.* Polymers have been
extensively applied in the bone tissue engineering because
of design flexibility and good biodegradability.*” They can
be categorized as natural and synthetic materials according
to their composition. The natural materials are difficult to be
widely used due to the limited sources. As compared with
the natural polymers, the synthetic polymers were favored
due to various advantages, including consistent degradation
properties, massive production, and being tailored according
to specific purpose. Now many synthetic polymers have
widespread application in the bone tissue engineering, for
example, poly(glycolic acid) (PGA) and poly(caprolactone)
(PCL).** As an environmentally friendly material, poly(L-
lactic acid) (PLLA) has been approved for clinical use in
humans by the US Food and Drug Administration (FDA).!%!!
However, PLLA has a strong hydrophobicity and a relatively
fast degradation rate; a further widespread application has
been considerably restricted.

An ideal bone tissue engineering scaffold should facilitate
the growth and activity of cells, such as adhesion, prolifera-
tion, and differentiated function.'? To act as the extracellular
matrix (ECM) for tissue regeneration, many works have been
done to modify the PLLA. Alvarez-Barreto et al'* manufac-
tured the Arg—Gly—Asp-functionalized PLLA scaffolds to
modulate cell behaviors and improve tissue function for more
efficient tissue engineering strategies. Ma et al deposited
calcium phosphate on the PLLA nanofibrous scaffolds by
electrodeposition process. The mineral coating on such scaf-
folds is similar to the composition of natural bone.'* However,
these nanofibrous scaffolds were short of osteoinductivity,
which is required to be a bone implant material. Considering
that the natural bone mainly consists of collagen fibers and
apatite crystals, the inorganic—organic composite materials
have a great application prospect in bone tissue engineering.
Many inorganic—organic composite scaffolds were prepared
by directly mixing the active ingredients,'> but this mixing
method was uncontrolled and led to a lack of homogeneity
in the polymer matrix.!* The nano-HA has good biocom-
patibility and bioactivity, which are vital for cell growth.!”
In addition, it is well known that strontium (Sr) has been

proved to enhance the proliferation of osteoblasts, promote
the formation of new bone and osseointegration, and pre-
vent infaust bone dissolution. Sr?* could act on bone via the
calcium-sensing receptor and promote the transductions of the
mitogen-activated protein kinase signaling.'® Therefore, Sr
is an admirable addition to improve the bioactivity and bone
induction of HA."? In addition, the replacement of Ca?* with
Sr** in HA can not only change the discreteness of HA but
also greatly improve the growth mechanics of the crystal.?!
Guo et al developed a Sr-incorporated HA cement, which
has many excellent physiochemical properties.?? Tian
et al prepared a strontium-doped calcium polyphosphate
scaffold that showed good biocompatibility, osteogenesis,
and degradability.? John et al manufactured strontium-
doped organic—inorganic scaffolds and demonstrated that
the scaffolds created a favorable rough topography that was
helpful for cellular attachment and growth.?* Biomimetic
mineralization is another common method to manufacture
biopolymer—apatite composite scaffolds.?>* The apatite for-
mation in this natural deposition manner can greatly simulate
the inorganic component of bone. The homogeneous apatite
on the polymer surface can provide a more biocompatible
interface for bone repair. To our knowledge, the application
of biomimetic mineralized strontium-doped hydroxyapatite
on porous poly(L-lactic acid) (Sr-HA/PLLA) scaffolds for
bone defect repair has never been reported till date.

To prepare a Sr-HA/PLLA porous bone repair scaffold
with good biocompatibility, osteogenesis, and degradability
in an easy controlled condition, the advantages of PLLA,
HAP, and Sr** were integrated in this study. The biomimetic
mineralized Sr-HA was deposited on PLLA porous scaffolds
by soaking in modified simulated body fluid (m-SBF) solu-
tion. The hydrophobicity, degradation, biocompatibility, and
the bone defect repair ability of the Sr-HA/PLLA porous scaf-
fold were studied. Our results indicated that the water contact
angle of the Sr-HA/PLLA porous scaffold was decreased
from 131.9° to 37.3°. The microenvironment of degradation
of the Sr-HA/PLLA porous scaffold is neutral. In addition,
the experiments in vitro and vivo confirmed that the Sr-HA/
PLLA porous scaffold possessed favorable biocompatibility,
could increase cell adhesion, and could promote bone repair.
This Sr-HA/PLLA porous scaffold may be developed to be
applied in the bone tissue engineering in the future.

Materials and methods

Materials

PLLA with an inherent viscosity of 1.6 dL/g was purchased
from Ji’nan Daigang (Ji Nan, China). D-Fructose (melting
point [m.p.] 119°C-122°C) and Span 80 were purchased
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from Sigma-Aldrich Co. (St Louis, MO, USA). Dioxane,
cyclohexane, and hexane were purchased from Sigma-
Aldrich Co. Fetal bovine serum (FBS), minimum essential
medium alpha medium (0-MEM), and trypsin were obtained
from Thermo Fisher Scientific (Waltham, MA, USA).
Sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO),
3-[4,5-dimetylthiazole-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT), glutaraldehyde, and bovine serum albumin
(BSA) were obtained from Sigma-Aldrich Co. The assay
kits of bicinchoninic acid (BCA) protein and alkaline phos-
phatase (ALP) were purchased from Beyotime Biotechnology
(Northern Island, UK). The ActinGreen 488 and the 4’6-
diamidino-2-phenylindole (DAPI) were purchased from
Thermo Fisher Scientific. The mouse preosteoblast cell
line (MC3T3-El) was obtained from China Infrastructure
of Cell Line Resource (Beijing, China). ICR mice and JW
rabbits were purchased from Vital River Experimental
Animal Co. Ltd. (Beijing, China). NaCl, KCI, K,HPO,-3H,0,
CaCl,-2H,0, SrCl,-6H,0, MgCl,:6H,0, Na,SO,, and
NaHCO, were purchased from Sigma-Aldrich Co. and used
without further purification.

Preparation of biomimetic mineralized

Sr-HA/PLLA porous scaffold

The PLLA porous scaffold was fabricated using established
procedures.?”?® The details are provided in the “Supple-
mentary materials” section. The biomimetic mineralized
Sr-HA/PLLA scaffolds were fabricated as follows: 1.5%
m-SBF solution (213 mM Na*, 7.5 mM K*, 2.3 mM Mg?*,
3.04 mM Ca*, 0.76 mM Sr**, 221.7 mM CI-, 6.3 mM HCO*,
1.5 mM HPO,*, and 0.8 mM SO,*) was prepared accord-
ing to the reported method and stored at 4°C.?° The PLLA
porous scaffolds were incubated in the 1.5% m-SBF solution
(pH 7.4) at 37°C for 7 days. After being thoroughly washed
with ultrapure water several times, the product was dried by
lyophilization.

Characterization of the S-HA/PLLA

porous scaffold

The morphology of the Sr-HA/PLLA porous scaffold was
observed by scanning electron microscope (SEM; JMS-
7500F; JEOL, Tokyo, Japan), micro computed tomography
(micro-CT; Skyscan; Bruker Optik GmbH, Ettlingen,
Germany) at 50 kV and 200 pA, and transmission electron
microscope (TEM; F20 S-TWIN; FEI, Hillsboro, USA).
The Sr-HA was characterized by X-ray diffraction (XRD)
powder (D8; Bruker Optik GmbH) using Cu-Ko radiation
(1=0.15405 nm), energy-dispersive spectrometer (EDS; ProX;
Phenom, Eindhoven, Holland) at 15 kV, and Fourier-transform

infrared spectroscopy (FTIR) (Tensor 27; Bruker Optik
GmbH). The hydrophily was tested by the static contact angle
meter (OCA 15EC; DataPhysics, Regensburg, Germany).

Measurement of BSA adsorption in the
Sr-HA/PLLA porous scaffold

The protein adsorption was analyzed using a BCA Protein
Assay Kit. The scaffolds were completely wetted in the
phosphate-buffered saline (PBS) and then placed in the
protein solution.>* Then, the scaffolds were incubated in
100 pg/mL BSA solution and o-MEM with 10% FBS for
4 h. After 4 h incubation, the scaffolds were transferred to
the micro tubes. The scaffolds were washed with PBS gently
and soaked in 1% SDS solution for 1 h. The total adsorbed
capacity of protein was measured by a BCA Protein Assay
Kit using a microplate reader (Molecular Devices LLC,
Sunnyvale, CA, USA).

Degradation of the S-HA/PLLA porous

scaffold

The degradation of the Sr-HA/PLLA porous scaffold was
observed by monitoring the pH value and the mass change in
the scaffolds after immersion in PBS. At the time intervals of
10 days, the scaffolds were taken out from PBS, freeze-dried,
and weighted. The degradation of composite porous scaffolds
was observed using SEM (ProX), and the change in pH was
detected by the pH meter (E-301F; Lei-ci, Shanghai, China).
The mass loss was calculated by using the following equation:

0 _ MO Md
Mass loss (%) = M x 100

where M, is the original mass of the scaffolds and M, is the
mass of the scaffolds after biodegradation.

Cell culture and seeding

MC3T3-E1 cells were cultured according to those published
by Quarles et al.?! For cell seeding, first, the PLLA, hydroxy-
apatite on porous poly(L-lactic acid) (HA/PLLA), and Sr-HA/
PLLA porous scaffolds were immersed in ethanol for 1 h and
then washed with PBS three times. Then, 2 x 10* cells were
cultured in each scaffold.

Cellular morphology

For SEM observation, after being cultured for 1, 3, and
7 days, the cells were fixed with 2.5% glutaraldehyde for
4 h. The dehydrated specimens were observed by SEM.
After the cells were cultured for 5 days, the nuclei and the
actin cytoskeleton were stained with DAPI and ActinGreen
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488 and observed using a fluorescence microscope (EVOS;
Thermo Fisher Scientific).

Cell viability assay

The MC3T3-E1 cells were cultured in the Sr-HA/PLLA scaf-
folds; the cells without scaffolds were set as the control group.
The detailed procedure is reported in our previous study.?’

ALP assay

The ALP activity of the MC3T3-E1 cells was analyzed
according to our previous work.*? In brief, after being cultured
for 7 days, the cell scaffolds were homogenized in 100 UL
of RIPA cell lysis solution. The supernatants were used in
ALP activity and protein content measurement according
to the routine method described in the ALP activity kit and
BCA protein assay kit.

Animal experiment

All experiments were performed in compliance with the
animal management regulations of the Animal Welfare and
Ethical Committee of Hebei University and approved by the
local ethics committee of Animal Welfare and Ethical Com-
mittee of Hebei University. All animals used in the experi-
ment were fed in standard animal facility. The Sr-HA/PLLA
porous scaffold was implanted subcutaneously into ICR
mice to evaluate the biocompatibility.’® The details are
provided in the “Supplementary materials” section. The
PLLA, HA/PLLA, and Sr-HA/PLLA porous scaffolds
were implanted into the defect in four JW rabbits to evaluate
the bone repair ability of these scaffolds. First, defects with a
diameter of 3.5 mm were created in the femur of each rabbit
using an orthopedic drill. Then, the PLLA, HA/PLLA, and
Sr-HA/PLLA scaffolds were implanted by press fitting in the
front three defects. Finally, the skin was sutured after com-
plete hemostasis. The rabbits were injected with penicillin
for 3 days after surgery to prevent infection. After 5 weeks of
implantation, the femurs were removed and the bone repair
was evaluated using micro-CT at 70 kV and 80 pA. Hema-
toxylin and eosin (H&E) and Masson stainings of the femoral
defect areas were performed. The samples were observed
under an optical microscope (BX-53; Olympus Corporation,
Tokyo, Japan).

Statistical analysis

All data were from three separate experiments and presented
as the mean + standard deviation. The statistical difference
was measured by a one-way analysis of variance (ANOVA),

followed by Newman—Keuls analysis. P < 0.05 was consid-
ered as statistically significant.

Results and discussion
Morphology of S-HA/PLLA porous
scaffold

Many methods have been used to coat HA on the polymer
materials, including sol-gel technology,** hydrothermal
process,*® precipitation method,*® and plasma-sprayed
coating.’” Beyond this, biomimetic mineralization as another
efficient way for preparing the HA coating can mimic the
biologically mineralized growth. The formative HA in this
process is similar to the mineral in bone.*® The earlier study
demonstrated that Sr-doped HA exhibited greater bone
response properties than a pure HA ***° The biomimetic min-
eralized Sr-HA/PLLA porous scaffolds in this work avoided
the organic reagent used in the synthesis; the forming process
is more natural. The use of biomimetic mineralized Sr-HA
on the surface of PLLA porous scaffolds under physiological
conditions is a more rapid and simple method to emerge
exquisite crystal morphology for cell growth.*’ SEM and
Micro-CT were utilized to analyze the morphology and
microstructure of the porous scaffolds after biomimetic min-
eralization. Figure 1 A—F shows the surface morphology of
porous scaffolds after mineralization for 7 days. The Sr-HA/
PLLA porous scaffold surface was decorated with uniformly
nanoparticles of ~100 nm diameter (Figure 1C and F). The
Sr-HA/PLLA porous scaffold fabricated in m-SBF is highly
porous and interconnected. As observed from micro-CT
(Figure 1G-L), all scaffolds exhibited a highly open-porous
structure, and the large pores were interconnected to each.
The porous scaffolds are the most promising materials for
bone defect repair. Previous works indicated that the porous
structures of scaffolds benefited the transmission of nutrients
and the ingrowth of tissue.* In addition, nano-scale structures
on the porous scaffolds could dramatically promote cell
adhesion, differentiation, and tissue growth.#

Composition analysis of Sr-HA/PLLA

porous scaffold

The chemical composition was demonstrated by FTIR
(Figure 2A). There were typical peaks of HA observed
from the HA/PLLA and Sr-HA/PLLA porous scaffolds.
The O—H stretching vibrations appeared at 3,450 cm™; the
bending and stretching vibration of PO4*~ bands appeared
at 567, 627, 873, 1,042, and 1,138 cm™.2*% The peaks at
1,394, 1,640, and 1,760 cm™ corresponded to C—OH, C-C,
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Figure | SEM and micro-CT images of porous scaffolds.

Notes: SEM images of porous scaffolds: PLLA (A and D), HA/PLLA (B and E), and Sr-HA/PLLA (C and F). Micro-CT images of porous scaffolds: PLLA (G and J), HA/PLLA
(H and K), and Sr-HA/PLLA (I and L). Images }, K, and L are x2.7 magnified images of G, H and I, respectively.
Abbreviations: SEM, scanning electron microscope; micro-CT, micro computed tomography; PLLA, poly(L-lactic acid); HA/PLLA, hydroxyapatite on porous poly(L-lactic acid);

Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid).

and C—O stretching vibrations, respectively, which confirm
the presence of the covalent linkage of the PLLA.*

The structural phase of the deposited minerals was
monitored by XRD (Figure 2B). The diffraction peaks can
be attributed to pure HA (JCPDS No 76-0694) and Sr-HA
(JCPD No 33-1348). The characteristic peaks at 26.1, 31.9,
32.1,34.2,39.9,45.6, and 49.7° corresponded to the (0 0 2),
(211),(112),(300),(310),(222),and (2 1 3) reflection of
the HA hexagonal phase (JCPDS card, 09-0432).4” The main
crystalline peaks at 27.4, 31.5,32.5, 34.8,40.5, 45.4,and 49.9

corresponded to the (002),(211),(112),(300),(310),
(2 2 2), and (2 1 3) reflection of Sr-HA (JCPDS card,
33-1348).* The broad XRD peaks are attributed to the very
small size of the particle, which is demonstrated by SEM
(Figure 1E and F).

The Ca/P atomic ratio of the mineral on the PLLA porous
scaffold was analyzed by EDS. As shown in Figure 2C and D,
significant calcium, phosphorous, and strontium peaks were
observed. The molar ratio of Ca/P of the composite is 1.54,
which is consistent with the biological apatite.** The TEM
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Figure 2 The FTIR, XRD patterns, and EDS of different porous scaffolds.
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Notes: (A) FTIR spectra of porous scaffolds. (B) XRD patterns of porous scaffolds. (C) EDS of the HA on the HA/PLLA porous scaffolds. (D) EDS of the Sr-HA on the

Sr-HA/PLLA porous scaffolds.

Abbreviations: FTIR, Fourier-transform infrared spectroscopy; XRD, X-ray diffraction; EDS, energy-dispersive spectrometer; HA, hydroxyapatite; HA/PLLA, hydroxyapatite
on porous poly(L-lactic acid); Sr-HA, strontium-doped hydroxyapatite; Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid); au, atomic unit.

images (insets in Figure 2C and D) of the crystals showed
typical needle-like crystals.

Properties of S-HA/PLLA porous scaffold

The cell adhesion to the surface of material is closely related to
their chemical properties such as hydrophilicity, mechanical
strength, and degradability. The hydrophilic scaffold allows
for fast adhesion of cells and high-efficient cell seeding.™
Ma et al’! revealed that the surfaces of the hydrophilic PLLA
notably increased the cell adhesion, meanwhile osteoblasts on
hydrophilic surfaces showed enhanced mineralized area. The
surface wettability of porous scaffolds was analyzed by the
water contact angle. As shown in Figure 3A, water contact
angles on PLLA, HA/PLLA, and Sr-HA/PLLA scaffolds
were 131.90°, 70.27°, and 37.33° respectively. It can be
seen that contact angle values of Sr-HA/PLLA were lower
than those of PLLA and HA/PLLA scaffolds, indicating
to be more hydrophilic; moreover, the water contact angle

values obviously decreased with the doping Sr in the HA. The
Sr-HA/PLLA porous scaffold creates a hydrophilic microen-
vironment and is beneficial to protein adhesion, which may
be more easily stretched for cells under this condition.

In the bone tissue engineering, mechanical property is the
main issue faced by the scaffolds for repairing bone.>> The
mechanical property of the scaffolds is also a challenge.™
Liu et al increased the stiffness of electrospinning scaffolds
by surface mineralization.”* The mechanical properties of
the microenvironment are also important for cell growth.
Figure 3B characterizes the mechanical properties of the
porous scaffolds. The stress—strain curves display a typical
elastomeric porous scaffold showing three remarkable features.
As can be seen from the results, the Sr-HA/PLLA scaffolds
are hard and the compressive modulus is high compared with
those of PLLA and HA/PLLA. The Sr-HA/PLLA porous
scaffolds will approximate the stiffness of surrounding bones,
which are more close to the femur strength (6.8 + 4.8 MPa).>
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Figure 3 The water contact angle, stress strain, and protein absorption of different porous scaffolds.

Notes: (A) Water contact angle of porous scaffolds. (B) Stress strain of porous scaffolds; inset in (B) represents the compressive modulus of porous scaffolds. (C) The
amounts of absorbed protein of porous scaffolds in the 10% BSA. (D) The amounts of absorbed protein of porous scaffolds in the a-MEM with 10% FBS. **P < 0.01,
*#¥p < 0.001 vs PLLA, #P < 0.05, #P < 0.01, and ##P < 0.001 indicated as Sr-HA/PLLA vs HA/PLLA.

Abbreviations: BSA, bovine serum albumin; a:-MEM, minimum essential medium alpha medium; FBS, fetal bovine serum; PLLA, poly(L-lactic acid); Sr-HA/PLLA, strontium-
doped hydroxyapatite on porous poly(L-lactic acid); HA/PLLA, hydroxyapatite on porous poly(L-lactic acid).

It is very well known that protein adsorption on the scaf-
fold surfaces is the primary event when the materials contact
with the biological environment as it largely influences the
subsequent biological response.*” The adsorption capacity on
porous scaffolds was limited to the physical and chemical
properties of the porous scaffolds. The 10% BSA solution
and o-MEM with 10% FBS were used to test the adsorp-
tion capacity of protein. As shown in Figure 3C and D, the
amounts of absorbed protein were obviously different on the
porous scaffolds; the Sr-HA/PLLA porous scaffold showed
significantly more protein adsorption than the HA/PLLA
and Sr-HA/PLLA scaffolds whether in the BSA solution or
in the o-MEM with 10% FBS.

An ideal tissue engineering scaffold should be degraded
after being implanted into the body. As reported, although
the PLLA as scaffolds shows a fast biodegradation rate in
the tissue engineering,’® the degradation of PLLA in the body
will form the acidic environment that will result in adverse
inflammatory responses.*® As shown in Figure 4A and B, the

Sr-HA/PLLA porous scaffold displayed stable morphology
and the weight loss was ~40% after 100 days, which showed
slower degradation rate compared with that of the PLLA
scaffold (60%). The morphology of the Sr-HA/PLLA porous
scaffold changed with the increase in immersion time.
At day 60, the Sr-HA/PLLA scaffold occurred outbreak,
but there were still apparent pore structure. As shown in
Figure 4C, the pH value of PBS solution of the Sr-HA/
PLLA porous scaffold remained to be relatively stable at
7.4 throughout degradation of 100 days. Not surprisingly,
the pH value of PBS solution of PLLA was rapidly reduced
from 7.1 to 4.4 due to the acidic product from the degradation
of PLLA. This might illustrate that the presence of Sr-HA
mitigated the acid due to the degradation of PLLA and hin-
dered the PLLA degradation process.

Morphology of cells in the scaffolds
A series of PLLA scaffolds have been used in the tissue
engineering, such as poly(ether urethane)/poly(L-lactide)
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Figure 4 The degradation behavior of different porous scaffolds.
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scaffolds at different time points. Magnification x500.

Abbreviations: SEM, scanning electron microscope; PBS, phosphate buffer solution; PLLA, poly(L-lactic acid); HA/PLLA, hydroxyapatite on porous poly(L-lactic acid);

Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid).

(PU/PLLA) used for intestine submucosa repair. Tomecka
et al*® reported that PU/PLLA nanofiber was a good substrate
for cardiac cell culture and could influence the cell orga-
nization and orientation. However, the PU/PLLA scaffold
could not be absorbed easily and then cause infection.®
The Sr-HA/PLLA scaffold would be another choice to sup-
port the cell growth. First, osteoblasts would adhere to the
scaffolds, and then the cells would began to proliferate or
perform their capability with the scaffolds or themselves.
Figure 3 shows that the Sr-HA/PLLA scaffold was hydro-
philic, which could favor cell adhesion. The osteoblasts
could experience morphological changes to accommodate
the interface of cells and materials in the process of the
osteoblast differentiation. HA could promote the osteoblasts’
adhesion and attachment because of its biological activity
and natural affinity with osteoblasts.®> The morphology

of MC3T3-E1 cells in the porous scaffolds after 1, 3, and
7 days was observed by SEM (Figure 5A). For the cells’
adhesion, at day 1, the cells showed a well-spread morphol-
ogy and maintained normal phenotype in the HA/PLLA and
Sr-HA/PLLA porous scaffolds but showed contractiveness
in the PLLA scaffold. For the cells’ attachment, at day 3,
cells in the HA/PLLA and Sr-HA/PLLA porous scaffolds
began to migrate to the pore of the scaffolds. At day 7, cells
on Sr-HA/PLLA porous scaffolds appeared to be confluent,
indicating a superb cell attachment and a stronger interac-
tion with scaffolds.

The growth of MC3T3-E1 cells in the porous scaffolds
was further observed by fluorescence microscopy (Figure SA).
Atday 5, there was a higher density of cells in Sr-HA/PLLA
porous scaffolds compared with the other porous scaffolds.
The exposure of Sr-HA nanoparticles on the surface of the

submit your manuscript

1714

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Sr-HA/PLLA porous scaffold for bone defect repair

3 days

HA/PLLA PLLA

Sr-HA/PLLA

w

150 -

100 -

Cell viability vs
control (100%)
3

PLLA  HA/PLLA Sr-HA/
PLLA

Control

5 days

200 pm

seksk
&&&
2 & 1,500 1 —I-
23
>
5 3 1,000 .
© = &&&
n- E e
-l
< S 5004
&&&
((JLN m— [ ]

PLLA  HA/PLLA Sr-HA/
PLLA

Control

Figure 5 The effects of porous scaffolds on viability and differentiation of MC3T3-El cells.

Notes: (A) SEM images and fluorescence microscope images of the MC3T3-E| cells cultured on the porous scaffolds for 1, 3, 5, and 7 days. (B) The cell viability of MC3T3-EI
cells cultured on porous scaffolds for 24 h. (C) ALP activity of the MC3T3-E| cells cultured on the porous scaffolds for 7 days. 4P < 0.001 vs control, ***P < 0.001 indicated
as HA/PLLA and Sr-HA/PLLA vs PLLA, and ##P < 0.001 indicated as Sr-HA/PLLA vs HA/PLLA. The magnification is 500x.

Abbreviations: SEM, scanning electron microscope; MC3T3-El, mouse preosteoblast cell line; ALP, alkaline phosphatase; HA/PLLA, hydroxyapatite on porous poly(L-lactic
acid); Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid); PLLA, poly(L-lactic acid).

scaffolds had more advantages for cell proliferation.®> The
cell viability in porous scaffolds indicates that the Sr-HA/
PLLA porous scaffold is beneficial for cell proliferation
(Figure 5B).

ALP activity analysis

ALP is an early marker of osteogenesis differentiation, and
the increase in the ALP activity indicates stronger cell—cell
and cell-matrix interaction in the three-dimensional space.**%°
Figure 5C shows the ALP activity ofthe MC3T3-E1 cellsonthe
porous scaffolds. At 7 days, the ALP activity ofthe MC3T3-E1
cells in Sr-HA/PLLA porous scaffolds was sevenfold and

twofold higher than that of the MC3T3-E1 cells in the PLLA
and HA/PLLA porous scaffolds, respectively. The results
suggested that the existence of Sr enhanced the ALP activity
of the MC3T3-E1 cells in the porous scaffold.

Biocompatibility analysis in vivo

The biocompatibility of the scaffolds is one of the essential
elements. The Sr-HA/PLLA porous scaffold showed favor-
able biocompatibility in vivo; the results showed that no dam-
age to the heart, liver, spleen, lung, and kidney was induced
by the Sr-HA/PLLA porous scaffold (Figure S1). In addition,
the results also showed no obvious inflammatory response
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Figure 6 Micro-CT images and new bone volume of femur defects after 4 weeks’ implantation of different porous scaffolds in rabbits.
Notes: (A) Micro-CT images of femur defects at 5 weeks after surgery. (B) New bone volume in the defects sites. **P < 0.01, *P < 0.05 vs PLLA, and #P < 0.05 indicated

as Sr-HA/PLLA vs HA/PLLA.

Abbreviations: micro-CT, micro computed tomography; PLLA, poly(L-lactic acid); Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid); HA/PLLA,

hydroxyapatite on porous poly(L-lactic acid).

in the Sr-HA/PLLA scaffold after 4 weeks of subcutaneous
implantation (Figure S2).

New bone formation analysis

It was reported that the nano-HA/PLLA materials alone
could not effectively repair the bone defect.®® However,
a critical size defect can be repaired when a little osteoinduc-
tive element was added.®” Sr-containing scaffolds induced
the formation of new bones.*® After 5 weeks of surgery, the
micro-CT results displayed that a substantial amount of new
bones were formed and evenly distributed in the bone defect
area by the Sr-HA/PLLA scaffold treatment (Figure 6A), but
no new bone formation was observed by the PLLA scaffold
treatment. Obviously, the volume of new bones is more in

A PLLA

Figure 7 (Continued)

HA/PLLA

the defects by treatment with Sr-HA/PLLA scaffolds than
with the HA/PLLA scaffolds (Figure 6B).

The HE and Masson stain results showed a high level of
immature bone and collagen formation in the bone defect area
by the Sr-HA/PLLA porous scaffold treatment (Figure 7),
while the PLLA scaffold treatment had no significant effect.
This may be due to the lack of osteoinductivity for the
PLLA porous scaffold, while the biomimetic mineralized
Sr-HA/PLLA porous scaffold possessed homogeneous
Sr-HA similar to bone-like apatite, which may supply pref-
erable osteoconductivity in the bone tissue engineering.®’
We deduced that Sr iron released from Sr-HA during the
degradation of Sr-HA/PLLA porous scaffolds might promote
new bone formation. In addition, some blood vessels were

Sr-HA/PLLA
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HA/PLLA

Sr-HA/PLLA

Figure 7 The changes in bone microstructure after implantation of different porous scaffolds.
Notes: (A) Microscopic images of H&E-stained tissue sections of femur defects after 5 weeks’ implantation. (B) Masson-stained tissue sections of femur defects after 5 weeks’

implantation (black arrow: new bone, *: blood vessel, and red arrow: collagen).

Abbreviations: H&E, hematoxylin and eosin; PLLA, poly(L-lactic acid); HA/PLLA, hydroxyapatite on porous poly(L-lactic acid); Sr-HA/PLLA, strontium-doped hydroxyapatite

on porous poly(L-lactic acid).

observed in the defect area by the Sr-HA/PLLA porous scaf-
fold treatment (Figure 7A). The vascularization is important
to ensure the delivery of nutrients for proliferation of cells in
the bone tissue. All of these results suggest the great potential
of'the Sr-HA/PLLA porous scaffold, and our study may pro-
vide a new idea to PLLA materials by biomimetic mineralized
Sr-HA porous scaffolds for the repair of bone defects.

Conclusion
Inthis study, Sr-HA/PLLA porous scaffold, anovel biomimetic
mineralized composite scaffold material, was successfully

o Biomimetic

" mineralized

m-SBF

PLLA
porous scaffold

s i

Sr-HA/PLLA
porous scaffold

fabricated. The property of hydrophily, the modulus of
compression, and the adsorption of protein were improved.
In vivo and vitro experiments confirmed that the Sr-HA/
PLLA porous scaffold had excellent biocompatibility and
could promote adhesion and proliferation of MC3T3-El
cells. The micro-CT and histological results showed that the
Sr-HA/PLLA porous scaffold could effectively promote the
restoration of bone defects in a rabbit femur defect model
(Figure 8). In summary, the results provided reliable evidence
that Sr-HA/PLLA may be a prospective strategy for future
clinical application in bone tissue engineering.

& Bone form?tior:r
| 7]

sfekek

MC3T3-E1
ALP activity

Figure 8 Scheme of the preparation and bone defect repair of the Sr-HA/PLLA porous scaffold.

Note: P < 0.001.

Abbreviations: Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid); m-SBF, modified simulated body fluid; PLLA, poly(L-lactic acid); MC3T3-El,

mouse preosteoblast cell line.
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Supplementary materials
Methods

Poly(L-lactic acid) (PLLA) with an inherent viscosity of
1.6 dL/g was purchased from Ji’nan Daigang (Ji Nan, China).
D-fructose (melting point [m.p.] 119°C-122°C) and Span 80
were purchased from Sigma-Aldrich Co (St Louis, MO,
USA). Dioxane, cyclohexane, and hexane were purchased
from Sigma-Aldrich Co.

Preparation of PLLA porous scaffolds

The PLLA porous scaffolds were fabricated according to
our previous work. The details were reported.' Briefly,
D-fructose was melted and then emulsified into mineral oil
with Span 80 as a surfactant under stirring. The resulting
mixture was cooled down, and the sugar spheres were washed
and sieved to desired sizes. The sieved sugar spheres were

Spleen

HA/PLLA PLLA Normal

Sr-HA/PLLA

Figure S| Histopathology of the heart, liver, spleen, lung, and kidney of mice.

packed and heated to form a template. PLLA/dioxane solu-
tion was casted into the assembled sugar template under
vacuum. The above system was phase separated at —20°C
overnight. The resulting composites were freeze-dried, the
sugar was leached out in distilled water, and then the scaf-
fold was freeze-dried.

Subcutaneous implantation of the porous

scaffolds

Twenty ICR mice were used for biocompatibility in vivo.
The mice were anesthetized by chloral hydrate, and a 10 mm
long skin incision was made in the back of the mice. After
that, the scaffolds were placed subcutaneously. Mice were
sacrificed with ether after 30 days of surgery. The scaffolds,
together with surrounding tissues, were excised and imme-
diately fixed in 10% formalin solution.

Lung

Abbreviations: PLLA, poly(L-lactic acid); HA/PLLA, hydroxyapatite on porous poly(L-lactic acid); Sr-HA/PLLA, strontium-doped hydroxyapatite on porous poly(L-lactic acid).
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PLLA HA/PLLA Sr-HA/PLLA

H&E

Masson

Figure S2 Histological images of scaffolds and surrounding tissue in mice stained with H&E and Masson.

Abbreviations: H&E, hematoxylin and eosin; PLLA, poly(L-lactic acid); HA/PLLA, hydroxyapatite on porous poly(L-lactic acid); Sr-HA/PLLA, strontium-doped hydroxyapatite
on porous poly(L-lactic acid).
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