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Abstract: Osteoinductive and biodegradable composite biomaterials for bone regeneration
were prepared by combining poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx) with
siliceous mesostructured cellular foams (SMC), using the porogen leaching method. Surface
hydrophilicity, morphology, and recombinant human bone morphogenetic protein 2 adsorption/
release behavior of the SMC/PHBHHXx scaffolds were analyzed. Results of scanning electron
microscopy indicated that the SMC was uniformly dispersed in the PHBHHXx scaffolds, and SMC
modification scaffolds have an interconnected porous architecture with pore sizes ranging from
200 to 400 wm. The measurements of the water contact angles suggested that the incorporation of
SMC into PHBHHx improves the hydrophilicity of the composite. In vitro studies with simulated
body fluid show great improvements to bioactivity and biodegradability versus pure PHBHHx
scaffolds. Cell adhesion and cell proliferation on the scaffolds was also evaluated, and the new
tools provide a better environment for human mesenchymal stem cell attachment, spreading,
proliferation, and osteogenic differentiation on PHBHHXx scaffolds. Moreover, micro-computed
tomography and histological evaluation confirmed that the SMC/PHBHHX scaffolds improved
the efficiency of new bone regeneration with excellent biocompatibility and biodegradability
and faster and more effective osteogenesis in vivo.
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Introduction

One approach to bone regeneration is the use of three-dimensional (3D) scaffolds
to provide a template for the formation of the bone extracellular matrix (ECM)."?
Highly porous scaffolds promote cell adhesion and proliferation and have an intercon-
nected pore structure that allows nutrients to penetrate into the scaffold in vitro and
in vivo.*” Numerous polymers are widely used in many tissue engineering applica-
tions, including bone regeneration, for their good biocompatibility and their ability to
retain their physical and mechanical properties long enough to allow tissue growth.*”
However, hydrophobic polymers have bioactivity and osteoconductivity that are
suboptimal for a substrate because of their relatively low hydrophilicity compared
with natural ECM.!®!! Thus, it is necessary to add bioactive materials to improve the
biological performance of the scaffold.

Incorporating or coating therapeutic ingredients such as endogenous osteoinduc-
tive growth factors (eg, bone morphogenetic proteins [BMPs]) into porous scaffolds
for enhancing bone defect repair has been reported.* Ideally, this means engineering
a multiphase material that closely mimics the ECM of natural bone and controls the
release kinetics of growth factor after implantation.
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Recently, mesoporous materials'>!3 with pores from 2 to
50 nm have been shown to stimulate the formation and depo-
sition of calcium phosphates from a physiological solution'#!?
to promote the differentiation and proliferation of osteoblasts,
resulting in an enhanced bone matrix interface strength.!67
However, mesoporous materials, similar to other inorganic
ceramic materials, are highly brittle and inflexible and can
hamper the regeneration process.'¢ To alleviate some of these
inherent issues, composite materials comprising a mesopar-
ticulate and a biodegradable polymeric phase were developed
in the field of bone regeneration. These materials not only
mimic the major ECM of bone but also combine the advan-
tages and minimize the limitations intrinsic to each material
choice.'® For example, Zhu et al, who studied poly(L-lactic
acid), showed that the addition of mesoporous bioactive
glasses (MBG) results in enhanced attachment, spreading,
and proliferation of rabbit bone marrow stromal cells.'” Wu
et al fabricated a composite composed of poly(lactic-glycolic
acid) and MBG. Surface hydrophilicity, apatite-formation
ability, and human osteoblastic-like cell attachment, spread-
ing and proliferation, and differentiation were all significantly
increased by the addition of MBG."®

Thus, we speculated that the microstructure of the bioac-
tive inorganic phase plays an important role in bioactivity.
However, because the pore diameter of MBG is smaller than
the BMP-2 molecular size, the initial burst release of bioactive
ingredients from the composite scaffolds will reduce the bioutil-
ity of the loaded growth factors. Siliceous mesostructured cel-
lular foams (SMC) possess a unique, highly ordered structure
with pore sizes even larger than 20 nm that are similar or larger
than most enzyme molecules. Therefore, the large internal
surface area of these supports can be accessible to BMPs, and
the presence of various active (eg, silanol) groups on the surface
also can facilitate protein adsorption, resulting in high BMP
loads, and prolong its release time. Therefore, the objective of
this study was to fabricate an SMC/poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) (PHBHHx) composite that mimics the
structure of the ECM, using the porogen leaching process. We
characterized microscopic and macroscopic structures in vitro
and their biocompatibility and osteogenesis in vivo.

Materials and methods

Materials

The 1,3,5-tricthylbenzene, tetraethyl orthosilicate, ethyl alco-
hol, HCI, triblock copolymer Pluronic P123 (EO, PO, ~EO,,
Mw = 5800), NaCl, and chloroform were purchased from
Sigma-Aldrich (St Louis, MO, USA) and were used without
further purification. The PHBHHx (containing 12 mol%

HHx), with a molecular weight of 440,000, was donated
by Professor GQ Chen from the Department of Biological
Sciences and Biotechnology, Tsinghua University, Beijing,
People’s Republic of China.

Synthesis of SMC and fabrication
of 3D scaffolds

The SMC was synthesized according to a previously reported
method.? Typically, Pluronic P123 (BASF, Frankfurt,
Germany; 2.0 g, 0.4 mmol) was dissolved in 1.6 M HCI
(75 mL, 120 mmol HCI) at room temperature while being
stirred in a beaker covered with a watch glass. 1,3,5-
triethylbenzene (2.0 g, 17 mmol) was then added, and the
mixture was heated to 40°C. After 60 minutes of stirring, tet-
raethyl orthosilicate (4.4 g, 21 mmol) was added and reacted
for 20 hours at 40°C. The milky reaction mixture was then
transferred to an autoclave and aged at 100°C for 24 hours
under static conditions. The mixture was allowed to cool to
room temperature, and the white precipitate was isolated by
filtration, dried in air for at least 2 days, and calcined at 550°C
for 6 hours in air to produce the SMC materials.

The SMC/PHBHHx composite scaffolds were prepared
by a solvent casting—particulate leaching method, using NaCl
particles as the porogen. The PHBHHx was dispersed in
chloroform (20 wt%), and SMC powders were added to the
solution with different compositions (0, 5, 10, and 20 wt%,
PHBHHx base) and continuously stirred for 24 hours to
disperse SMC uniformly. NaCl particles with diameters
300-500 um were then incorporated into the suspension,
and the dispersion was cast into a 60 mm diameter cylindri-
cal PTFE mold. The weight ratio of PHBHHx and SMC to
NaCl was 1:8. The samples were air-dried under flowing
air for 24 hours to allow the solvent to evaporate and were
subsequently vacuum-dried at 40°C for 48 hours to remove
any remaining solvent. The samples were then immersed in
deionized water for 72 hours. During this period, the water
was replaced approximately every 6 hours with fresh water at
room temperature to leach the salt particulates. The samples
were taken out, air-dried for 24 hours, and vacuum-dried over-
night to obtain the sponge-like scaffolds. The PHBHHx and
SMC/PHBHHx composite films were similarly prepared.

Characterization of SMC and scaffolds

The morphology of the SMC powders was analyzed using
transmission electron microscope (TEM; JEOL2100; JEOL,
Tokyo, Japan), working at 200 kV. The N, adsorption—
desorption isotherms were obtained using a Micromeritics
porosimeter (TriStar 3000; Norcross, GA, USA) at 77 K, under
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a continuous adsorption condition. Brunauer—-Emmet—Teller
and Barrett-Joyner—Halenda analyses were used to determine
the surface area, pore size, and pore volume.

The surface morphology of the scaffolds was analyzed by
field emission scanning electron microscopy (SEM; Quanta
250; FEI, Hillsboro, OR, USA). To determine the surface
hydrophilicity and energy, static contact angle measurements
were performed, using distilled water and ethylene glycol
as the media, by the sessile drop method on a drop-shape
analysis system (JC 2000D3; Shanghai Zhongcheng Digital
Technology Co, Ltd, Shanghai, People’s Republic of China)
at ambient humidity and temperature. Five measurements
were performed on different points of each specimen. The
surface energy was calculated according to the surface ten-
sion and the contact angle.

In vitro bioactivity

The simulated body fluid (SBF) solution was prepared accord-
ing to the literature?' (SBF: Na*, 142.0; K*, 5.0; Mg*, 1.5;
Ca’, 2.5; CI', 147.8; HCO,, 4.2; HPO*, 1.0; and SO,*,
0.5 mol m). Three samples of each scaffold type were soaked
in 50 mL SBF at a temperature of 37°C while shaking at
100 rpm. After 28 days, the specimens were removed and gently
rinsed with distilled water and dried overnight at a temperature
of 60°C. The samples were then sputter-coated with gold, and
the presence and morphology of apatite formed on the material
surface were observed, using field emission SEM.

Adsorption and releasing assay

To absorb the recombinant human bone morphogenetic protein
(rhBMP-2) on the surfaces of the scaffolds, the scaffolds were
immersed in 5 mL thBMP-2 solutions (100 pg/mL) at room
temperature for 72 hours with gentle shaking. Then the scaf-
folds were washed three times with phosphate-buffered saline
(PBS; pH 7.4) and dried in a vacuum at room temperature for
48 hours. The loading efficiency of hBMP-2 onto the scaffolds
was calculated by subtracting the amount of thBMP-2 left in
the solution from the amount of hBMP-2 in the control PBS
solution that was treated under the identical incubation process.
To investigate the release behavior of the growth factor, the
rhBMP-2-adsorbed scaffolds were incubated in 2 mL PBS
supplemented with 1% bovine serum albumin (Sigma-Aldrich)
at 37°C for up to 14 days with mild shaking (50 rpm). The
media were collected and replaced with fresh PBS periodically,
and the thBMP-2 in the collected medium was determined
using an enzyme-linked immunosorbent assay kit (BioVision,
CA, USA) according to the manufacturer’s protocol. Light
absorbance was read with a microreader at 450 nm.

Cell culture

The human mesenchymal stem cells (hMSCs) were cultured
as described in a previous study.?’ In brief, cells were cul-
tured in 0-MEM (minimum essential medium, alpha) culture
medium supplemented with 10% fetal bovine serum, 1%
penicillin (100 U/mL), and streptomycin sulphate (100 mg/
mL; Life Technologies, Carlsbad, CA, USA). The cells were
incubated at 37°C in a humidified atmosphere of 5% CO, and
95% air with the growth medium changed every 48 hours.
hMSCs at passage 3 were detached by 0.25% trypsin, resus-
pended in a different density using fresh culture medium, and
used for the experiments described here.

Cell adhesion and proliferation

A single milliliter of the cell suspension with cell den-
sity of 2 x 10* viable cells was seeded in a 48-well plate
(Costar3548; Corning Life Sciences, Corning, NY, USA)
that contained four different kinds of the scaffolds and was
incubated at 37°C in a humidified atmosphere of 5% CO,
and 95% air for 6 hours. At a 6-hour time point, cells on
the surface of the four kinds of scaffolds were stained with
4’,6’-diamidino-2-phenylindole (DAPI). The cells were
observed using a fluorescence microscope (TE2000U; Nikon
Corporation, Tokyo, Japan).

The proliferation of the hMSCs was examined with a
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay after 1, 4, and 7 days of culture. At the prescribed
time, 0.1 mL MTT solution was added, and the specimens were
incubated at 37°C for 4 hours to form formazan, which was then
dissolved using dimethyl sulfoxide. The optical density was
measured at 570 nm, using an automated plate reader (Synergy
HT multidetection microplate; Biotek, Winooski, VT, USA).
The mean absorbance obtained from the medium-control well
was determined from the test absorbance values.

Cell morphology

The cell morphology of the hMSCs was studied by stain-
ing the filamentous actin of the cytoskeleton and confocal
laser scanning microscopy (Nikon AIR; Nikon, Tokyo,
Japan). After 24 hours of incubation with the substrates, as
described earlier, the cells on the surface of the substrates
were washed gently with PBS three times and then fixed using
3.7% formaldehyde for 15 minutes at room temperature. The
cells were permeabilized with 0.1% Triton X-100 in PBS for
another 15 minutes. After three washings with PBS, the cells
were incubated with fluorescein isothiocyanate-Phalloidin
(Sigma-Aldrich) for 1 hour. After washing with PBS again,
the cell nuclei were stained with DAPI. The cell morphology
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and spreading were visualized using confocal laser scanning
microscopy.

Osteogenic differentiation of hMSCs
hMSCs with a density of 3 x 10* cells/mL were used to
evaluate the effect of the PHBHHx-based scaffolds on the
osteogenic differentiation. After incubation in a 48-well plate
with four substrates for 24 hours, the culture medium was
changed to osteogenic induction medium: the a-MEM culture
medium was supplemented with 10% fetal bovine serum,
0.1 uM dexamethasone (Sigma-Aldrich), 50 UM ascorbate
acid (Sigma-Aldrich), and 10 mM B-glycerophosphate
sodium (Sigma-Aldrich). These media were renewed every
2 days throughout the study.

After 3, 7, and 14 days’ culture with the above osteogenic
induction medium in a 48-well plate, the alkaline phosphatase
(ALP) activity was determined using p-nitrophenyl phosphate
(Sigma-Aldrich) as the substrate, and the total protein content
was determined according to the procedures as mentioned in a
previous article.® Briefly, the ALP activities were determined
by a colorimetric assay using an ALP reagent containing
p-nitrophenyl phosphate as the substrate. The absorbance of
p-nitrophenol that was formed was measured at a wavelength of
405 nm. The intracellular total protein content was determined
using the MicroBCA protein assay kit, and the ALP activity was
normalized to the total protein content (Biyuntian, Shanghai,
People’s Republic of China). After 14 days of culture, the ALP
staining was accomplished following the procedure in the litera-
ture.? In brief, the cells on the scaffolds cultured in the 48-well
plate were detached with 100 puL of a 0.25% trypsin solution and
then removed to another 48-well plate containing 1 mL culture
media to allow the cells to adhere. After 24 hours, the cells were
spread on the bottom of the well, rinsed twice with PBS, and
then fixed using buffered formalin for 30 seconds, according to
the procedures provided by the manufacturers of the ALP stain-
ing kit (Renbao, Shanghai, People’s Republic of China). After
washing with distilled water twice, the cells were treated with a
staining reagent for 60 minutes. Stained cells were photographed
using a microscope (TE2000U; Nikon, Tokyo, Japan).

In vivo bone formation

Four kinds of scaffolds were prepared for this study: pure
PHBHHXx scaffolds, pure PHBHHx scaffolds loaded with
rhBMP-2, PHBHHx-20 scaffolds, and PHBHHx-20 scaf-
folds loaded with thBMP-2. Operative procedures and
animal care were performed according to the Institutional
Guidance of Shanghai 9th People’s Hospital on Animal
Experimentation. Surgery on the 3-month-old male

New Zealand white rabbits was under standard sterile
conditions. Briefly, the rabbits were anesthetized with an
intraperitoneal injection of pentobarbital sodium solution
(40 mg/kg body weight). After shaving the rabbits’ fur
and disinfection with 75 vol% ethanol, a longitudinal inci-
sion was made along the forearm skin of the rabbits. The
periosteum was incised circumferentially to approach to the
radius bone. A critical defect of 15 mm in length was then
created at the middle position of the radius bone by using
a side-cutting diamond disk and a high-speed micromotor
under abundant irrigation with sterile saline solution. The
scaffold was implanted into the defect, and the periosteum
and overlying muscle were repositioned with an absorbable
polydioxanone suture (Ethicon 5-0; Johnson and Johnson,
New Brunswick, NJ, USA). Then, the wound was closed
with a nonabsorbable polypropylene suture (Ethicon 5-0).
The experiment was independently performed for 4 samples
per experimental group at each sampling point.

Micro-computed tomography

and histological analysis

At 4, 8, and 12 weeks postoperatively, the rabbits were
killed and the implants were excised and fixed in a 1.5%
phosphate buffered glutaraldehyde solution. The implants
were scanned using a micro-computed tomography (WCT)
system (X-RAY CT System, SMX-100CT-SV3 TYPE;
Shimadzu Ltd, Kyoto, Japan) at 0.49° angular increments,
which provided 721 views around 360°. Images were
recorded, digitized, and transferred to a controlling com-
puter for reconstruction using a modified Feldkamp cone
beam tomographic reconstruction algorithm. The 3D images
consisted of 20-mm cubic voxels, and the radiopacity of
each voxel was represented by a 16-bit grayscale value.
Image analysis was performed using the Analyze software
package (Biomedical Imaging Resource; Mayo Clinic,
Rochester, MN, USA). After uCT analysis, the implants
were dehydrated in a graded series of alcohol and embedded
in methylmethacrylate for histological analysis. Sections
were stained with Masson trichrome and hematoxylin and
eosin staining for evaluation of the general tissue response
and bone formation.

Statistical analysis

All quantitative data were expressed as the mean + standard
deviation. Statistical analysis was performed with one-way
analysis of variance, using SPSS software (IBM Corporation,
Armonk, NY, USA). A value of P<<0.05 was considered
statistically significant.
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Results
Characterization of SMC
and PHBHHx/SMC scaffold

Figure 1 shows a collection of representative TEM images
and Brunauer—Emmet-Teller analysis of synthesized SMC.
The sample possesses a disordered array of silica struts with
relatively uniform pore sizes (about 20 nm). The porosity of
the SMC has been investigated by nitrogen sorption analyses.
The isotherms are of type 4 and show steep hystereses
of type H1 at high relative pressures (see Figure 1C), which
is typical for mesoporous materials that exhibit capillary
condensation and evaporation and have large pore sizes with
narrow size distributions. The surface area and pore volume
of SMC are about 575 m*g and 1.4 cm®/g, respectively.

Physical and chemical properties

of composite scaffolds

Bone tissue regeneration depends not only on the porosity
of the scaffolds but also on the pore size and interconnection
between the pores. In general, a high porosity with a high
interconnection between the pores is necessary to allow
ingrowth of cells, vascularization, and diffusion of nutrients
and wastes.”>** SMC/PHBHHx composite scaffolds were pre-
pared by combining PHBHHx with SMC, using the porogen
leaching method. To observe the morphology of scaffolds and
distribution of SMC in the polymer matrix of the scaffolds,
SEM micrographs at higher magnifications were obtained.

Figure 2 shows the SEM micrographs of the cross-sections
of pure PHBHHx scaffolds and SMC/PHBHHx scaffolds
containing 5, 10, and 20 wt% SMC. All the scaffolds have
an interconnected porous architecture with pore sizes ranging
from 200 to 400 um. The SMC content has no significant
effect on pore size and interconnection between the pores
of the scaffolds. The SMC particles are homogeneously
dispersed as primary particles in the polymer matrix of the
scaffolds.

Figure 3A shows that the contact angle of the PHBHHx-20
against water (36.40°£3.62°) was relatively smaller than that
of PHBHHx-10, PHBHHX-5, and PHBHHx (56.20°%5.32°,
62.34°+4.65°, and 89.62°+4.48°, respectively; P<<0.05).
Another index to evaluate the hydrophilicity is the increase
of the surface energy, and Figure 3A shows that the surface
energy of PHBHHx-20 was higher than that of the other
three specimens (58.7244.87, 48.27+4.01, 43.21+3.97, and
37.84%1.89 J/m? for PHBHHx-20, PHBHHx-10, PHBHHx-5,
and PHBHHXx, respectively; P<<0.05). Representative images
of'the water contact angles are shown in Figure 3B, and it can
be seen that the radian of the water drop on PHBHHx-20 was
dramatically smaller than that of the other three specimens.

rhBMP-2 adsorption and release

BMP-2 amount on 3D scaffolds was first measured by the
direct enzyme-linked immunosorbent assay. Figure 4A
shows the amount of thBMP-2 adsorption on the surface
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Figure 2 Scanning electron microscope morphology of pure poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx) and siliceous mesostructured cellular foam/poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) composite three-dimensional scaffold. The siliceous mesostructured cellular foam content has no significant effect on pore size and

interconnection between the pores of the scaffolds (white arrows).

of the porous SMC/PHBHHx scaffolds with different SMC
compositions (020 wt%), as determined by the enzyme-
linked immunosorbent assay. The amount of thBMP-2
immobilized on the scaffolds increases with increasing
SMC composition (PHBHHX, 8.65%+2.36%; PHBHHXx-5,
17.39%+4.68%; PHBHHx-10, 46.98%+8.25%; and PHBH-
Hx-20, 75.63%%10.65%), as expected.

The sustained release patterns of rhBMP-2 are shown in
Figure 4B. The four scaffolds had similar release behavior
during the observation period, which is a two-step release
behavior: an initial burst release followed by a relatively
slow release.

For the PHBHHX scaffold, an initial burst release in the
first 5 days is around 79% of the total amount of rhBMP-2.
The subsequent release rate remarkably decreased as a
function of time, and the cumulative release reaches a maxi-
mum value of 94% at 10 days. After the addition of SMC,
around 24%, 35%, and 47% of the total thBMP-2 loading
is released in the first 5 days for PHBHHx-5, PHBHHx-10,
and PHBHHx-20, respectively. After 27 days, the amount
of released rhBMP-2 reaches 56%, 69%, and 82% for
PHBHHx-5, PHBHHx-10, and PHBHHx-20. Therefore,
the rhBMP-2 release rate of the SMC/PHBHHx scaffolds
is significantly lower than that of the PHBHHx scaffold.
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Abbreviation: PHBHHXx, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate).

For the SMC/PHBHHXx scaffolds, rhBMP-2 adsorbed on
the surface and at the window of mesoporous channels is
quickly released at early times, resulting in the initial burst
release. Although some of rhBMP-2 is hosted inside the
mesoporous channels, this release must diffuse through
the channels. Moreover, the rhBMP-2 molecules contain
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hydroxyl groups and amino groups, which could interact with
the Si-OH groups in the SMC by hydrogen bonding to slow
the release. The rhBMP-2 detected on the pure PHBHHx
scaffolds can be also explained by the adsorption of thBMP-2
on the pore surfaces of the scaffolds, which may lead to an
initial burst release in the medium. The sustained release
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Figure 4 (A) Adsorption of recombinant human bone morphogenetic protein 2 amounts on the poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx) and siliceous
mesostructured cellular foam/PHBHHXx scaffolds. The amount of bone morphogenetic protein 2 remaining on the scaffolds was present as the difference between the original
amount and the amount in the wash buffer. The values represent the percentage of the remaining amount on the scaffolds of the original loaded amount (n=4). (B) Profiles
of recombinant human bone morphogenetic protein 2 release from PHBHHx and SMC/PHBHHXx scaffolds with 20 pig recombinant human bone morphogenetic protein 2
adsorption. The amount of recombinant human bone morphogenetic protein 2 released from scaffolds was determined by enzyme-linked immunosorbent assay. The values
represent the mean + standard error (n=4). *P<<0.05 compared with the PHBHHXx group.
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of thBMP-2 from the scaffolds may be very helpful for the
acceleration of bone regeneration through the scaffolds, and
thus facilitate effective regeneration of bone with sufficient
mechanical properties.

In vitro bioactivity

The test of the acellular bioactive behavior of scaffolds was
performed in vitro through the immersion of samples in SBE.
Figure 5 shows the surface of the four scaffolds after immer-
sion in SBF for 28 days. It is evident that many ball-like parti-
cles formed on the surfaces of PHBHHx-20 and PHBHHx-10,
predominantly on the PHBHHx-20 surface. More apatite
particles formed as SMC increased. The apatite layer is quite

)y
B\ 4230, SEI

1)

%1004, 100 pm_

12 30 SEI

dense on the PHBHHx-20 scaffolds (Figure SD1-D3), but
only a few apatite particles deposit on the surface of the pure
PHBHHx scaffold (Figure SA1-A3).

Cellular affinity

Cell attachment and proliferation

In the present study, DAPI staining was used to observe cell
attachment, and the MTT assay was performed to evaluate
the proliferation of hMSCs cultured on PHBHHx or SMC/
PHBHHZx scaffolds. The number of adherent cells on the four
specimen surfaces stained with DAPI are shown in Figure 6A.
Cell numbers increased with increasing SMC content. Cell
proliferation values on the samples after 4 and 7 days were

13 30 SEI

Figure 5 Scanning electron microscope imaging of the scaffolds after immersion in simulated body fluid for 28 days. No obvious changes were evident on the surface of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) (A1-A3). A few particles formed on the PHBHHx-5 surface (B 1-B3). Many ball-like particles formed on the
surface of PHBHHx-10 and PHBHHx-20 (C1-C3 and D 1-D3 respectively). Red square represents magnification area.
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Figure 6 Attachment of the human mesenchymal stem cells on the different surfaces of the scaffolds. (A) Cells stained with 4,6’-diamidino-2-phenylindole after 6 hours of
incubation. (B) The proliferative tendency of the human mesenchymal stem cells from day | to day 7. Compared with day 4, #P<<0.05.
Abbreviations: PHBHHXx, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate); OD, optical density.

normalized to that of day 1 because the cell numbers were
different from 1 day after seeding. Compared with the other
specimens at different times, cells on PHBHHx-20 showed
an obvious relative proliferation rate (P<<0.05; Figure 6B).
Compared with PHBHHx-20 at day 4, the cells on PHB-
HHx-5 and PHBHHx-10 exhibited a lower proliferation
rate (P<<0.05; Figure 6B). The relative proliferation rate of
the hMSCs on the PHBHHx and SMC/PHBHHX increased
from day 1 to day 7.

Cell morphology

Cell adhesion is one of the most important parameters that
control cell-biomaterial interactions. PHBHHx is highly
hydrophobic and supports low levels of cell adhesion.
Figure 7 shows the cells spreading on the surface of PHBHHx
and SMC/PHBHHx. They exhibited a polygonal and
fusiform-shaped morphology. The cells on the PHBHHx-20

Figure 7 The cytoskeletal morphology and spreading of the human mesenchymal stem
cells on the different scaffolds. (A) Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBHHXx). (B) PHBHHXx-5. (C) PHBHHx-10. (D) PHBHHx-20. Representative
images of cells stained with fluorescein isothiocyanate-phalloidin for actin filaments
(green) and nuclei counterstained with 4’,6’-diamidino-2-phenylindole (blue).

surface also exhibited clustering and confluency morphology.
In addition, the cell numbers on the PHBHHx-20 surface
were higher than those on the other specimen surfaces.

Differentiation of hMSCs on the surface

of specimens

Osteogenic differentiation of hMSCs on the scaffolds was
assessed by alkaline phosphatase activity. Figure 8 A shows
positive ALP staining on the PHBHHx and SMC/PHBHHx
at day 14 and that the staining on the PHBHHx-20 surfaces
was significantly denser than that on the PHBHHx surface.
In Figure 8B, the hMSCs on the surface of PHBHHx-20,
PHBHHx-10, and PHBHHx-5 show significantly higher
ALP activity than those cultured on the PHBHHX surface at
day 7 and day 14 (P<<0.01). No differences were observed
between PHBHHx-10 and PHBHHXx-5. By the 14th day, the
ALP activity of the hMSCs on the SMC/PHBHHXx surfaces
increased and no differences were found (P>0.05). Notably,
the hMSC:s cultivated for 3, 7, and 14 days on PHBHHx had
the lowest ALP activity level compared with those on SMC/
PHBHHXx (P<0.05).

In vivo animal study

The 3D restructured images were conducted with a uCT
system at 4, 8 and 12 weeks to investigate the in vivo osteoin-
ductivity of PHBHHx and PHBHHx-20 scaffolds incorporat-
ing bioactive molecules (Figure 9). The results showed that
group A had the least bone binding and slowest healing rate,
with no noteworthy bone formation until 8 weeks. The effect
of group B was comparatively better than group A in repair
rate and integrity but was still imperfect. Both groups C and
D exhibited comparatively good bridging and fast healing.
Group D performed slightly better than group C. The regener-
ated bone mineral content (BMC) and bone mineral density
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Figure 8 The alkaline phosphatase (ALP) activity and ALP staining assay. (A) Positive ALP staining on the four scaffolds at day 4. The staining on the poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate)-20 (PHBHHx-20), PHBHHx-10, and PHBHHx-5 surfaces was significantly denser than that on the PHBHHx surface. (B) Relative ALP activity of
human mesenchymal stem cells after 6, 10, and 14 days of culture. An asterisk denotes a significantly higher ALP activity of cells than that on the PHBHHx surface (P<<0.01).
A pound sign denotes a significantly lower ALP activity level compared with that on PHBHHx-20 at day 7 and day 14 (P<<0.05).

4w

Figure 9 Micro-computed tomography images of segmental radius at 4, 8, and
12 weeks (w) with different implants. Column -3, Three-dimensional reconstructed
images. (A) Pure poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx)
scaffold. (B) PHBHHx-20 scaffold. (C) Recombinant human bone morphogenetic
protein 2-loaded PHBHHXx scaffold. (D) Recombinant human bone morphogenetic

protein loaded PHBHHx-20 scaffold.

of the defect area were calculated to quantitatively analyze
the repair more precisely (Figure 10). An increase in BMC
values was observed for all groups, among which group C
and D had much higher BMC than groups A and B at each
point, confirming the results of 3D images. The bone mineral
density values in Figure 10 implied a similar profile, with the
lowest being found in group A and the highest in group D.
To detect more detailed repair processes, including vari-
ous soft tissue growths that could not be discerned with uCT
scanning, we used histology including hematoxylin and eosin
and Masson trichrome staining. Figure 11 provides integral
imaging on the finally formed medullary cavity of radius.
The medullary cavity for the self-repairing group and pure
PHBHHXx scaffolds group failed in reunion (Figure 11A1-A4
and 11B1-B4), whereas the rhBMP-2-loaded PHBHHx
scaffolds and rhBMP-2-loaded PHBHHx/SMC scaffolds
succeeded in repair and healing by forming mature corti-
cal bone and complete marrow cavity that presented both
erythrocytes medulla ossium rubra and medulla ossium
flava. Specifically, group D slightly surpassed group C in
the integrity of peripheral cortical bone (Figure 11D1-D4).

Discussion

Creating novel scaffolds for bone regeneration is an essen-
tial area for planning tissue engineering approaches.?
Mesoporous materials have been extensively studied as bone
implant materials because of their osteoinductive properties
and biocompatibility.?* However, mesoporous materials are
highly brittle and of low toughness, which restricts their
widespread use as ideal scaffolds.?” Synthetic bioresorb-
able polymers are easily fabricated into complex structures
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Figure 10 Quantitative data of orthotopic bone formation with different implants. (A) Bone mineral content (BMC) at 4, 8, and 12 weeks (w). (B) BMC and bone
mineral density (BMD) at 8 weeks. Group A: Self-repairing without any implants. Group B: Pure poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) scaffold.
Group C: Recombinant human bone morphogenetic protein 2—loaded PHBHHXx scaffold. Group D: Recombinant human bone morphogenetic protein-loaded PHBHHx/
siliceous mesostructured cellular foam scaffold. #P>0.05, no significant differences were found. *P<<0.05, significant differences were found.

but have low efficiency of cell attachment and proliferation
and poor osteoconductivity because they lack specific cell-
recognition signals.? To overcome these problems, SMC par-
ticles were incorporated into biodegradable PHBHHx matrix
materials. The SMC/PHBHHx composite scaffolds with 5%,
10%, and 20% SMC have been successfully prepared using
a solvent casting and salt-leaching method. The composite
scaffolds produced by this method are highly porous and

have a structure of well-interconnected pore channels that
benefits tissue ingrowth.”

The addition of SMC into the PHBHHx matrix sig-
nificantly improved in vitro apatite mineralization as well as
attachment, proliferation, and early differentiation of hMSCs
compared with pure PHBHHx. Apatite mineralization is
thought to be an important phenomenon in the chemical
interactions between the implant materials and the bone

Figure || Histological evaluation of orthotopically formed bone sections at 12 weeks (Al, A2, Bl, B2, Cl, C2, DI, and D2 are HE staining; A3, A4, B3, B4, C3, C4, D3, and
D4 are Masson trichrome staining). (A) Pure poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHXx) scaffold. (B) PHBHHx-20 scaffold. (C) Recombinant human bone
morphogenetic protein 2—loaded PHBHHXx scaffold. (D) Recombinant human bone morphogenetic protein 2—loaded PHBHHx-20 scaffold.

Abbreviations: MC, marrow cavity; NB, new bone; HE, hematoxylin and eosin.
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tissue, which ultimately affects the in vivo osteogenesis of
the bone grafting materials.* In this study, SMC/PHBHHx
scaffolds showed obvious apatite mineralization in SBF,
whereas only a few apatite particles deposit on the surface
of the pure PHBHHXx scaffold.

Si-OH groups had been proposed as a catalyzing
agent and could provide specific favorable sites for apatite
nucleation. This suggests that the formation of apatite might
be closely related to the amount of Si-OH groups presented
on the surface of scaffolds and that SMC/PHBHHXx scaffolds
have an improved in vitro bioactivity. Enhanced attachment,
proliferation, and early differentiation of hMSCs on the SMC/
PHBHHx may result from the direct contact of seeded cells
with the SMC particles exposed on the scaffold surface,
which might provide cell adhesion sites with better cellular
adherence and spreading to stimulate cell proliferation and
osteogenic differentiation.’!?

In addition, SMC/PHBHHXx has a higher surface area than
pure PHBHHX matrix; most researchers believe that this may
promote cell growth more efficiently than a bulk substrate.
We also determined that the percentage of hMSCs attached on
the SMC/PHBHHx composite with 20 wt% SMC was higher
than on pure PHBHHx. The improved hydrophilicity of the
MCS/SF composite films might contribute to these results.
Thus, SMC acts as anchoring point for cell adhesion and
spreading. Together, these data leave little doubt that SMC
possesses excellent in vitro bioactivity.

ALP is upregulated at the onset of osteoblastic differ-
entiation and subsides after differentiation progresses; our
results suggest that the introduction of SMC into PHBHHx
scaffolds may be beneficial for osteogenesis. Previous stud-
ies have demonstrated that the addition of millimolar con-
centrations of calcium ions could enhance the proliferation
and phenotype of osteoblast cells by membrane-mediated
ion transfer.**** Calcium ions play an important role in the
regulation of osteoblastic proliferation and differentiation
by changing the expression levels of specific calcium ion
channel isoforms in osteoblasts.*

In this study, we also compare the in vivo effect of SMC/
PHBHHx and PHBHHXx on osteogenesis by implanting the
rhBMP-2 adsorption scaffolds into the radius defects of
New Zealand rabbits. The HCT and Van Gieson staining
analyses confirmed that all scaffolds showed bone induction
after 8 weeks of radius bone implantation, and SMC/PHB-
HHx scaffolds were superior in all aspects compared with
pure PHBHHXx scaffolds. Many studies have confirmed that
the sustained release of rhBMP-2 is known to be effective
in promoting new bone formation. In our study, the release

rate of rhBMP-2 can be controlled by SMC content, and the
prolonged release can induce mature bone formation.

Conclusion

The SMC/PHBHHx composite scaffolds with well-defined
macropores were successfully prepared by a porogen leach-
ing method. The scaffold showed a good degree of intercon-
nective pore structure in favor of cell seeding and spatial
distribution of transplanted cells. The specific areas and pore
volume of synthesized SMC are 575 m%*g and 1.4 cm’/g,
respectively. The SMC powders have a disordered channel
structure with a pore size of approximately 21 nm. The
incorporation of SMC into PHBHHXx significantly improved
their surface hydrophilicity and bioactivity. Compared
with pure PHBHHx, SMC enhanced the in vitro degrada-
tion and apatite-formation ability of PHBHHx in SBF.
The SMC/PHBHHx-supported hMSCs show attachment
and proliferation and enhance the ALP activity of hMSCs
compared with PHBHHx. The adsorption and release of
rhBMP-2 was controlled by varying the amount of SMC
in PHBHHx. In summary, SMC/PHBHHx has excellent
physicochemical, biological, and drug-release properties
and has many potential applications as a 3D scaffold for
bone tissue engineering.
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