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Abstract
The fibrotic response of the body to synthetic polymers limits their success in tissue engineering and
other applications. Though porous polymers have demonstrated improved healing, difficulty in
controlling their pore sizes and pore interconnections has clouded the understanding of this
phenomenon. In this study, a novel method to fabricate natural polymer/calcium phosphate composite
scaffolds with tightly controllable pore size, pore interconnection, and calcium phosphate deposition
was developed. Microporous, nanofibrous fibrin scaffolds were fabricated using sphere-templating
methods. Composite scaffolds were created by solution deposition of calcium phosphate on fibrin
surfaces or by direct incorporation of nanocrystalline hydroxyapatite (nHA). The SEM results
showed that fibrin scaffolds exhibited a highly porous and interconnected structure. Osteoblast-like
cells, obtained from murine calvaria, attached, spread and showed a polygonal morphology on the
surface of the biomaterial. Multiple cell layers and fibrillar matrix deposition were observed.
Moreover, cells seeded on mineralized fibrin scaffolds exhibited significantly higher alkaline
phosphatase activity as well as osteoblast marker gene expression compared to fibrin scaffolds and
nHA incorporated fibrin scaffolds (0.25 g and 0.5 g). All types of scaffolds were degraded both in
vitro and in vivo. Furthermore, these scaffolds promoted bone formation in a mouse calvarial defect
model and the bone formation was enhanced by addition of rhBMP-2.

Introduction
Existing treatments for large bone defects are limited and often associated with undesirable
outcomes [1]. Composite biomaterials containing calcium phosphate and natural or synthetic
polymers have been developed to address these limitations. Mineralized collagen was able to
promote bone healing at 52 weeks in a rat calvarial defect model [2]. However, the mineralized
collagen had very low porosity and no interconnected pores, impeding the migration of
surrounding cells into the wound site and delaying bone regeneration. Composite biomaterials
consisting of calcium phosphate and synthetic polymers, poly (lactide-co-glycolide) and poly
glycolic acid, have been proposed as alternative composite biomaterials for bone regeneration
because of the ability to fabricate porous scaffolds with controlled structure and to incorporate
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calcium phosphate mineral crystals [3]. However, the toxicity of the acidic degradation
products of poly (lactide-co-glycolide) has limited their potential uses in bone tissue
engineering [4].

Fibrin is a candidate polymer for use in fabricating composite biomaterials for bone
regeneration. Fibrin is a natural polymer known to support wound healing by inducing
angiogenesis and promoting cell attachment and proliferation [5–7], and thus may provide a
more conductive environment for accelerated bone regeneration. Also, for sub-critical defects
in bone, the gap is seen to fill with clot and to regenerate to new bone. Several studies have
used fibrin sealant as a component for bone regenerative materials [8–10]. However, the dense
and low porosity structures produced by fibrin sealant were found to impede cell invasion
causing delayed wound healing [9].

We have developed a novel composite calcium phosphate/ fibrin-based scaffold with well-
controlled porous architecture for bone regeneration. The aims of this study were to generate
porous scaffolds with a uniform, defined pore structure, characterize the chemical and
structural properties of these scaffolds and investigate their biological performance in vitro and
in vivo.

Materials and Methods
Fibrin scaffold preparation

Microporous, nanofibrous fibrin scaffolds (FS) (~200–250 µm pore size) were fabricated using
a sphere-templating and leaching methods as describe previously [11]. Briefly, poly(methyl
methacrylate) (PMMA) (Polysciences, Inc.) beads were sieved to select a 200–250 µm size
fraction. The sieved PMMA beads were close-packed using vibration and sintered at 140°C
for 22 h. Bovine fibrinogen (Sigma) was dissolved in 0.9% NaCl solution at a concentration
of 200 mg/mL and cast to surround PMMA bead templates. Fibrin formation was initiated by
adding a bovine thrombin (Sigma) solution (267 U of thrombin in 2.67 mL, 133 µl of 2N
CaCl2, 17.2 mL of Dulbecco's Modified Eagle's Medium (DMEM; Gibco)), and incubated for
24 h at room temperature. Finally, the PMMA templates were dissolved in several rinses of
acetone over 72 hours and the scaffolds resolvated in 70% ethanol overnight.

Calcium phosphate containing composite scaffolds were generated by two procedures. For
mineralized fibrin scaffolds (MFS), the FS scaffolds were incubated in a solution containing
2.5 mM CaCl2-2H2O, 4.2 mM NaHCO3, 146 mM NaCl, and 1 mM K2HPO4 at 37°C as
modified from Tarasevich B, et al [12]. The solution was changed daily. For hydroxyapatite
containing fibrin scaffolds (nHA/FS), 0.25 g or 0.5 g nHA (Berkeley Advanced Biomaterials,
CA) was mixed with fibrinogen solution before casting into PMMA templates, and then
processed as for FS scaffolds above.

Scanning electron microscope (SEM) analysis
The scaffolds were dehydrated using ascending grades of ethanol and critical point dried. For
cell-seeded scaffolds, samples were fixed with 2% glutaraldehyde (Sigma) at room temperature
for 1 h before dehydration. All samples were sputter coated with Au/Pd and then examined
with SEM (FEI Sirion SEM) at accelerating voltage of 10 kV. The chemical composition of
scaffolds was determined using energy dispersive x-ray analysis. The EDX spectra were
randomly recorded in five areas in each sample (n=3).

Raman spectroscopic analysis
The Raman spectra of scaffolds were obtained using a Reinshaw in Via Raman microscope
(Reinshaw, UK) at a laser excitation wavelength, 785 nm. The laser beam was focused using
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Leica 50X objective (numerical aperture: 0.80, working distance: 0.5 mm, spot size <2µm).
The spectra were focused on the phosphate’s internal mode, the 400–1100 Δcm−1 range.

Dissolution experiments
FS, MFS, 0.25 g and 0.5 g nHA/FS scaffolds were incubated in PBS at 37°C up to 56 day. The
supernatants were collected and a calcium assay, described below, was employed to determine
the solubilized calcium content.

Cell isolation and culture
Primary calvarial cells were isolated from parietal bone of newborn C57/BL6 mice using
methods described previously by Kim SS, et al [3]. The calvarial cells from fraction 3–6 [13,
14] were pooled and cultured in growth medium (DMEM (Gibco) supplemented with 1%
Penicillin-streptomycin (PS; Gibco), and 10% Fetal bovine serum (FBS; Gibco)) and
maintained in humidified 95%, 5% (v/v) CO2 at 37°C. The medium was changed every 48 h.
The cells from passage 2–4 were used in the experiments.

For macrophage preparations, marrow cells were isolated from the femoral marrow cavity of
C57/BL6 mice by flushing with RPMI 1640 (Gibco BRL, Carlsbad, CA) culture medium.
Dispersed marrow cells were expanded and differentiated in supplemented media (50% RPMI
1640 (RPMI), 30% fibroblastic cell (L929) conditioned medium (L929-CM), and 20% fetal
bovine serum (FBS)) for three days. These macrophage cultures were maintained in a minimal
media formulation (70% RPMI, 20% L929-CM, and 10% FBS) and media were changed every
three days until confluent.

Scaffolds (8 mm in diameter, 1.2 mm in thickness) were sterilized using 70% ethanol, followed
by washing in phosphate buffered saline (PBS). 50 µl aliquots of calvarial cell suspension (2
× 106 cells/mL) were seeded on the top surface of scaffolds and cells were allowed to attach
for 30 min before adding 500 µl of growth medium. At 24 h, the scaffolds were transferred to
fresh plates and medium was changed to osteogenic medium; DMEM supplement with 1% PS,
10% FBS, 10 mM β-glycerophosphate (Sigma), 50 µl/mL L-ascorbic acid (Sigma) and 100
nM dexamethasone (Sigma).

For in vitro degradation studies, bone marrow-derived macrophage cells were seeded on the
scaffolds at density of 5×105 cells/scaffolds. Scaffolds were cultured in growth medium
supplemented with 25 ng/mL macrophage-colony stimulating factor (M-CSF) and 40 ng/mL
receptor activator of nuclear factor κB ligand (sRankL) to initiate osteoclast formation. For co-
culture, bone marrow-derived macrophages were seeded on the scaffolds after plating the
primary calvarial cells for 30 min. The co-cultured cells were maintained in osteogenic medium
with M-CSF and sRankL supplement. The media were changed every three days and assays
were terminated at day 14.

Cytotoxicity assessment
An indirect cytotoxicity test was performed using an elution method as describe previously
[11]. NIH 3T3 cells were plated at 25,000 cells/wells in 96-well plates and maintained in
humidified 95%, 5% (v/v) CO2 at 37°C. At 24 h, the medium was removed and cells were
rinsed twice with PBS. The 25%, 50%, 75% and 100% of scaffold's extraction medium (500
µl) was added to the cells. At 24 and 48 h, cell morphology was examined using phase contrast
microscopy. Cell viability was evaluated using an MTT assay.

Proliferation study
Cell proliferation was determined using an MTT assay. At designated time points (1, 3, and 7
d), scaffolds seeded with calvarial cells were transferred into new 48 well plates and rinsed
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twice with PBS. Fresh culture medium with MTT (Sigma; 0.5 mg/mL) was added and MTT
assay was performed. Total cell number was calculated using a standard curve of absorbance
versus cell number.

Alkaline phosphatase activity assay
Alkaline phosphatase activity was determined using p-nitrophenol phosphate (Sigma) as the
substrate. Scaffolds seeded with calvarial cells were rinsed twice with PBS. Cells were lysed
in alkaline lysis buffer, followed by three freeze-thaw cycles at - 70°C and 37°C. The aliquots
were incubated in glycine buffer containing 2 mg/mL p-nitrophenol phosphate. After 30 min,
3N NaOH was added to stop the reaction. The presence of p-nitrophenol was measured at
absorbance 405 nm. Total cellular protein was determined using a micro-BCA assay (Bio-
Rad). The enzyme activity was normalized to total cellular protein.

Calcium assay
The scaffolds were washed with PBS, snap frozen in liquid nitrogen, and lyophilized. The dry
weight of the scaffolds was recorded. Calcium within the scaffolds was solubilized in 0.6 N
HCl at 37°C for 24 h. Calcium content of the supernatant was determined using cresophthalein
complexone (Teco Diagnostics). The absorbance of samples was measured at 575 nm. The
calcium concentration was calculated using a standard curve and normalized to dry weight.

RNA isolation and RT-PCR
Scaffolds seeded with calvarial cells were collected at days 14 and 21 and were preserved in
RNAlater (Ambicon, TX). Scaffolds were then pulverized and total RNA extracted using Trizol
reagent (Invitrogen), following the instructions provided. RNA (1 µg) was used to synthesize
first strand cDNA by reverse transcriptase (Invitrogen). For the polymerase chain reaction,
aliquots of synthesized cDNA were added to PCR mixtures containing Taq polymerase (Sigma)
and cycled on a DNA thermal cycler. Primers for PCR were as follows: 1) Alkaline phosphatase
(ALP) fwd 5′ GCCCTCTCCAAGACATATA 3′, ALP rev 5′
CCATGATCACGTCGATATCC 3′, 2) Bone sialoprotein (BSP) fwd 5′
GAGCCAGGACTGCCGAAAGGAA 3′, BSP rev 5′ CCGTTGTCTCCTCCGCTGCTGC 3′,
3) Collagen type I (COL I) fwd 5′ GAGGCATAAAGGGTCATCGTGG 3′, COL I rev 5′
CATTAGGCGCAGGAAGGTCAG 3′, 4) Osteocalcin (OCN) fwd 5′
CAGCTTGGTGCACACCTAGC 3′, OCN rev 5′ AGGGTTAAGCTCACACTGCTCC 3′ 5)
Core binding factor I (CBFA1) fwd 5′ CGCATTCCTCATCCCAGTAT 3′, CBFA1 rev 5′
GGTGGCAGTGTCATCATCTG 3′, 6) Osterix (OSX) fwd 5′
GATGGCGTCCTCTCTGCTTGA 3′, OSX rev 5′ GGGTTAAGGGGAGCAAAGTCAGAT
3′, 7) GAPDH fwd 5′ ACCACAGTCCATGCCATCAC 3′, GAPDH rev 5′
TCCACCACCCTGTTGCTGTA 3′. PCR products were then electrophoresed on a 1.2%
agarose gel and visualized by ethidium bromide fluorostaining. The density of bands was
determined using densitometry and ImageJ software.

Scaffold preparation for in vivo experiments
Disc-shaped scaffolds 8 mm in diameter and 1.2 mm thick were employed in subcutaneous
implantation studies. For mouse calvarial defect experiments, disc-shaped scaffolds 5 mm in
diameter and 0.5 mm thick were utilized. Endotoxin testing was performed for all scaffolds
prior to implantation. In some experiments, 1 µg carrier free rhBMP-2 (R&D system) in 10 µl
sterile PBS was added to the top of the scaffolds immediately prior to implantation.

Subcutaneous implantation and mouse calvarial defect studies
The protocols were approved by IACUC, University of Washington. C57/BL6 mice were
anesthetized by an intraperitoneal injection of xylazine and ketamine cocktail. To determine
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the in vivo compatibility and degradation of these scaffolds, twenty-three, 6–7-week-old mice
were used. Scaffolds were implanted into subcutaneous pockets in the dorsal thoracic region.
Mice were euthanized and the scaffolds, at day 14 and 30, were removed and prepared for
histological analyses.

The mouse calvarial defect model has been employed to study bone healing and regeneration
[15–17]. In brief, the calvarial defects were created in 6–7-weeks-old mice under general
anesthesia using xylazine and ketamine. Full thickness skin flaps were raised and the left and
right parietal bone were exposed. 5 mm diameter defects in parietal bones were generated using
a hand drill trephine burr for consistency. Constant saline irrigation was conducted during the
procedure. One implant was placed into each bony defect. The skin was resealed. The procedure
was performed under sterile conditions. At 45 days, animals were sacrificed by intraperitoneal
nembutal injection. A total of 23 mice were used. The mice were divided into groups as follows:
a) Empty defect controls (n=4), b) FS alone (n=3), c) MFS alone (n=3), d) nHA/FS alone (n=4),
e) FS+rhBMP-2 (n=3), f) MFS+rhBMP-2 (n=4), g) nHA/FS+rhBMP-2 (n=2).

Histological analyses
Tissues were fixed with 10% buffered formalin for 24 h at 4°C. Tissues were then decalcified
in acid formalin solution (4% formalin, 10% acetic acid solution) for 1 month at 4°C. The
samples were dehydrated in graded alcohol and embedded in paraffin. 5 µm sections were
stained with H&E and Masson Trichrome (Sigma) for morphology evaluation. Tartrate
resistant acid phosphatase (TRAP) staining was performed according manufacturing protocol
(Sigma 387-A). Bone regeneration of these histological sections were scored by an individual
blinded to the identity of sections, using a modification of the visual scoring method of Mankani
M, et al (Table 1) [18].

Statistical analyses
The data are expressed as mean±standard deviation (SD). Statistical significance was assessed
by analysis of variance (ANOVA) followed by Tukey post hoc test. For the bone regeneration
score, the Mann-Whitney U test was used to compare empty defects and treatment groups.
Differences at p<0.05 were considered to be statistically significant.

Results
Characterization of minerals in fibrin-based scaffolds

SEM—Consistent with previous findings [11], the sphere-templating and leaching fabrication
methods used here led to the formation of nanofibrillar FS with tightly controlled pore sizes
and interconnections. We previously estimated interconnected neck size of the scaffolds to be
50% and the overall porosity of the scaffolds calculated to be 73.7±0.6% as determined by
digital volumetric imaging [11]. As shown in Fig 1Aa, FS exhibited a homogeneous, well-
interconnected, highly porous structure by SEM. Mineral crystals were observed on the surface
as well as the inner walls of the MFS (Fig. 1Ab, 1Ac, and 1Ad). In contrast, in nHA/FS, mineral
crystals were embedded throughout the scaffold walls (Fig. 1Ae).

The total mineralization increased corresponding to the incubation period in saturated calcium
phosphate solution as shown in Fig. 1Ab–Ad. According to the calcium assay, there was a
statistically significant difference (p<0.05) in calcium content between scaffolds incubated in
saturated calcium phosphate solution for 72 h, 96 h, 7 d, and 14 d compared to those incubated
in PBS for 14 d (Figure. 1B). As expected, a significant difference in calcium content between
the 0.25 nHA/FS and 0.5 nHA/FS scaffolds was also observed (Figure. 1C).
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At higher magnification, the FS incubated in PBS exhibited a fibrillar wall ultrastucture with
no mineral crystals observed (Fig. 1Af). MFS scaffolds, Fig. 1Ag, 1Ah, and 1Ai, showed the
crystal structure of precipitated minerals on MFS. At early time points, the crystals were coarse.
With increasing incubation time, the mineral matured into densely packed, fine crystals. As
shown in Fig. 1Aj, nHA/FS scaffolds contained HA crystals packed together and embedded
in the polymerized fibrin matrix and/or surrounded by fibrillar fibrin.

EDX—EDX spectra were obtained to determine the chemical compositions of the scaffolds.
Carbon (C), nitrogen (N), oxygen (O), sodium (Na), calcium (Ca), and phosphate (P) were
detected in MFS and nHA/FS. The Ca/P ratio of MFS was 1.09–2.62 at 24 h and 1.00–1.70 at
14 d after incubation in saturated calcium phosphate solution (Table.2). The observed range
of Ca/P ratio decreased with increasing time of incubation, and suggested that dicalcium
phosphate dihydrate (Ca/P ratio = 1.00) [19] and octacalcium phosphate (Ca/P ratio = 1.33)
[19,20], were the primary calcium phosphate phases present after short term incubation (24–
72 h). Additionally, Ca-enrichment was observed by 24 h, suggesting the presence of calcium
carbonate, calcium hydroxide or calcium-rich calcium phosphate crystals. At later time points,
the Ca/P ratio of MFS indicated the presence of dicalcium phosphate dihydrate and octacalcium
phosphate as well as hydroxyapatite (Ca/P ratio = 1.67) [19,20]. The Ca/P ratio of 0.25 g and
0.5 g nHA/FS were 1.33–1.65 and 1.34–1.69, respectively, as expected for hydroxyapatite and
octacalcium phosphate.

Raman Spectroscopy
Raman spectroscopy was performed to confirm the composition and structure of the mineral
phase on the scaffolds (Fig. 2). Prominent peaks in the region from 400 to 1100 Δcm−1

indicative of internal mode of phosphate were observed. Spectroscopic patterns for MFS also
changed over the incubation period. The Raman spectra of MFS at early time points showed
a band of ν2 P-O stretching (1006 Δcm−1), ν1 PO4

3− or P-O stretching (954 Δcm−1), and small
ν7 OPO bending (534 Δcm−1), consistent with the presence of dicalcium phosphate dihydrate
and octacalcium [21,22]. After prolonged incubation, the ν2 P-O stretching band (1005
Δcm−1) decreased whereas the ν1 PO4

3− stretching band (961 Δcm−1) was greatly increased.
Moreover, ν2 PO4

3− bending (434 Δcm−1), ν3 PO4
3− stretch (1041 and 1072 Δcm−1), and ν4

PO4
3− bending (590 Δcm−1) were observed. These spectra suggested that the majority of

mineral crystals consisted of octacalcium phosphate, carbonate apatite and hydroxyapatite
[21–23].

Cytotoxicity assessment
Indirect cytotoxicity measurements were performed on NIH3T3 cells at 24 and 48 h after
exposing cells to different concentrations of scaffold extraction medium. The total number of
cells cultured in medium extracted from FS, MFS, 0.25 g and 0.5 g nHA/FS was equivalent to
those cultured in control fresh medium. Moreover, a significant difference (p<0.05) was
observed between total number of cells exposed to extracted medium when compare to total
number of cells cultured in medium extracted from latex, which is known to be toxic to the
cells (data not shown). The morphology of cells was observed using phase contrast microscopy.
Cells cultured in scaffold extraction medium spread, proliferated and formed monolayers
comparable to cells cultured in control medium. In contrast, cells cultured in latex extraction
medium appeared round in shape and were not able to proliferate (data not shown). These
results suggested that the scaffolds were not toxic to NIH3T3 cells.

Calvarial cell morphology, proliferation and differentiation on fibrin-based scaffolds
SEM micrographs of primary calvarial cells cultured on different types of scaffolds are shown
in Fig. 3A. A high cell density was observed on the surface of the scaffolds, indicative of
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cytocompatibility. Furthermore, cells were able to adhere, spread, form cell-cell contacts, and
form monolayers on all the scaffolds examined, as indicated by the flattened and polygonal
morphology of the cells covering the surface of the biomaterial at 7 days. At 21 days, multiple
cell layers and accumulation of fibrillar, extracellular substances were observed (Fig. 3A),
suggesting that the cells could form differentiated nodules and this finding was noted as early
as 14 days.

Calvarial cell proliferation increased on all scaffolds evaluated (FS, MFS, 0.25g and 0.5 g nHA/
FS) from 1 day to 7 days (Fig. 3B). The total number of cells exposed to MFS, 0.25 g or 0.5 g
nHA/FS was significantly (p<0.05) lower than FS at 1 day and 7 day. To assess affects on cell
differentiation, FS, MFS, 0.25 g and 0.5 g nHA/FS scaffolds were loaded with primary calvarial
cells and cultured in osteogenic medium. ALP activity was determined at 7, 14, and 21 days.
MFS seeded with calvarial cells expressed higher ALP activity than FS, 0.25 g or 0.5 g nHA/
FS at day 14 and 21 (Fig. 3C). A significant difference in ALP activity between MFS and FS
(p<0.05) was noted at day 14 and 21. On the other hand, a significant difference in ALP activity
between MFS and nHA/FS was observed only at day 21. In particular, ALP activity of primary
calvarial cells grown on MFS increased continuously over the observation period, with
significant increases (p<0.05) at day 21 compared to day 7 and day 14, as well as day 14
compared to day 7. For 0.25 g nHA/FS, ALP activity was significantly higher at day 21
compared to day 14. When primary calvarial cells were cultured on the scaffolds in osteogenic
medium lacking β-glycerophosphate, a similar trend of ALP activity over time was observed
(data not shown).

Mineralization of primary calvarial cells cultured on scaffolds was measured at day 0, 7, 14,
and 21 (Fig. 3D). The calcium content of the scaffolds increased continuously over the culture
period. In FS, the calcium content of primary calvarial cells cultured on scaffolds in osteogenic
medium for 14 and 21 days was significant higher compared to baseline (day 0). Furthermore,
the calcium content at day 21 was significantly higher compared to day 7 and day 14. On the
other hand, primary calvarial cells cultured on MFS showed significantly higher calcium
content at day 21 compared to baseline and day 7. Regarding the nHA/FS, the calcium content
of scaffolds slightly increased over the culture period, but no significant change was noted.

To further analyze calvarial cell differentiation, RT-PCR was used to assess mRNA expression
of osteoblastic markers (Fig. 4). Transcripts for ALP, BSP, OCN, COL I, CBFA1 and OSX
increased with incubation time in cells exposed to all the scaffold types examined. The mRNA
for all osteoblast markers at day 14 and day 21, with the exception of ALP, were higher in MFS
groups than FS, 0.25 g and 0.5 g nHA/FS. However, the expression level of OCN, a marker
of mature osteoblasts, was comparable between MFS and nHA/FS groups, but obviously higher
than the level observed in cell within FS at day 21.

Scaffold degradation and biocompatibility
To determine stability of mineral crystals incorporated in MFS and nHA/FS, the scaffolds were
incubated in PBS at 37°C up to 56 days. MFS showed significantly higher mineral crystal
dissolution than nHA/FS (fig. 5A).

The ability of the scaffolds to be degraded by osteoclasts was evaluated in vitro. In the presence
of RANKL and M-CSF, bone marrow-derived macrophages differentiated into TRAP positive
multinucleated osteoclasts. Aggregation and fusion of bone marrow-derived macrophages into
osteoclasts were observed by SEM (Fig. 5B). In addition, resorption pits were observed in
some samples (Fig. 5B), consistent with the formation of functional osteoclasts. Thus, this
treatment was used to generate bone-marrow derived osteoclasts for degradation studies
described below.
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Degradation kinetics in the presence of calvarial cells alone, bone marrow-derived osteoclasts
alone, or a mixture of both cell types (co-cultured cells) for 14 d were similar for all scaffolds.
In the presence of bone marrow derived osteoclasts, FS, MFS and 0.25g nHA/FS showed a
significant decrease in dry weight at 14 days compared to scaffolds seeded with calvarial cells
alone or co-cultured with osteoclasts (Fig. 5C). The calcium content of scaffolds seeded with
bone marrow-derived macrophage or co-cultured cells exhibited significant differences from
those seeded with primary calvarial cells (Fig. 5D). These results indicated that the fibrin matrix
component as well as mineral component of these scaffolds could be degraded by the
osteoclasts, in vitro.

Biocompatibility of the scaffolds was analyzed using subcutaneous implantation (Fig. 5E). A
foreign body reaction characterized by inflammation, fibroblast infiltration, and collagen
deposition was observed in response to subcutaneous implantation for 14 d. In addition, the
number of multinucleated giant cells was greater on MFS and nHA/FS than those on FS. The
FS scaffolds were completely degraded at 30 days following subcutaneous implantation. In
contrast, the MFS and nHA/FS were still present at 30 days, although partial degradation of
scaffolds was noted.

Mouse calvarial defect model for bone regeneration
To determine the ability of scaffolds to support bone regeneration, a critical size defect model
in mouse calvaria was utilized. 5 mm defects were created in the mouse parietal bone, and
either treated with scaffolds or left empty and examined histologically with time following
injury.

As shown in Fig. 6a, empty defects lacked bony ingrowth. Only a loose, thin connective tissue
was observed within the defect. Defects filled with FS scaffolds contained denser connective
tissue but no obvious bone-like tissue was observed. Furthermore, FS scaffold materials were
no longer present in the defect after 45 days, indicating complete degradation (Fig. 6b). MFS
and nHA/FS scaffolds demonstrated areas of woven bone, mostly in the lower ventral part of
the defect facing the dura mater, indicating the osteoconductive property of scaffolds.
Multinucleated giant cells were found in close proximity to residual scaffold materials (Fig.
6c, 6d). Some of these cells were TRAP positive (data not shown), identifying them as
osteoclasts.

Addition of rhBMP-2 significantly increased bone formation in all scaffold types (Fig. 6e, 6f,
6g). The new bone, which bridged the defect site completely, exhibited lamellar structure and
a large hematopoietic stromal area. In MFS+rhBMP-2 and nHA/FS+rhBMP-2 scaffolds, new
bone formation and TRAP positive multinucleated cells were observed adjacent to the residual
scaffold materials (data not shown). In contrast, no residual scaffolding materials were detected
in FS+rhBMP-2.

In order to compare bone regenerative capacities of the scaffolds, a semi-quantitative scoring
system was utilized. As shown in Fig. 7, empty defects had no (0) or minimal (1) bone
formation. The bone regeneration score improved significantly in FS, MFS or nHA/Fs scaffolds
compared to an empty defect, suggesting that these scaffolds promoted calvarial bone
regeneration even in the absence of rhBMP-2. Addition of rhBMP-2 greatly enhanced bone
regeneration in all the scaffolds and significantly increased the bone regeneration score
compared to an empty defect. Moreover, bone regeneration scores were significantly higher
in rhBMP-2 treated groups compared to scaffold only groups, with one exception of nHA/FS
scaffolds.
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Discussion
In this study we describe the development and characterization of novel calcium phosphate/
fibrin-based composite scaffolds with tightly controlled pore sizes and pore interconnections.
These scaffolds were biodegradable in vitro and in vivo, and were able to support primary
calvarial cell adhesion, proliferation and differentiation in vitro. Finally, using a critical size
mouse calvarial defect model, we show that the scaffolds promoted bone regeneration that was
enhanced by BMP2. Together, these data suggest that calcium/fibrin composite scaffolds could
be useful as regenerative materials for repair of bone defects.

Scaffold architecture, including porosity and surface roughness, has been shown to regulate
osteoblast behavior including attachment, proliferation and differentiation [24,25]. For bone
tissue engineering, scaffolds should have well-controlled pore size and interconnections, and
nanostructured walls that provide cells with optimal cell-substrate interactions. Various
methods to fabricate three-dimensional structures have been published [26,27], however, they
still have limitations in controlling scaffold structure. To address these limitations, we
fabricated fibrin scaffolds with tightly control pore sizes (200–250 µm) and pore
interconnections. Increasing pore size and porosity resulted in greater bone ingrowth, enhanced
bone formation and lead to direct osteogenesis without osteochondral formation as reported
by others [24]. However, pore sizes larger than 500 µm were associated with fibrovascular
tissue formation [28]. Based on the results shown (Fig. 1), the interconnected pore structure of
the fibrin scaffolds assists in both cell ingrowth and distribution within the scaffolds and thus
may facilitate angiogenesis and diffusion of nutrients [29]. In addition, consistent with our
previous studies [11], the fibrin scaffolds fabricated using the sphere-templating technique
exhibited regular pore shape, interconnectedness and spacing. In higher magnification,
polymerized fibrin fibers in the size range of 40–80 nm could be seen in the scaffold walls.
We observed excellent cell adhesion, proliferation and differentiation on these surfaces,
suggesting that the nanofibrillar walls facilitated cell-material interactions. This could be
through improved receptor recognition of fibrillary fibrin, or by increased surface area and
roughness, which have been reported to enhance osteoblast cell proliferation and differentiation
[25].

Fibrin was employed in the present study as the primary scaffold matrix. It has been reported
that fibrin and its degradation products induce angiogenesis [5–7], and promote cell attachment
and proliferation [6,7]. Fibrin has been studied for use as a cell carrier [30], a growth factor
carrier [10] and a scaffold material for bone tissue engineering [8,30]. However, it has also
been reported that fibrin gels in combination with PLGA scaffolds do not enhance bone-tissue
invasion into the scaffolds nor at the defect site [9]. This may be caused by the dense structural
properties of the fibrin matrices that result in a reduced capacity for host tissue invasion during
wound healing [9]. As shown in Fig. 5E and Fig. 6, using either subcutaneous or calvarial
defect models, we were able to improve host tissue interaction by controlling architecture
microporous nanofibrous fibrin scaffolds.

As presented in this study, primary calvarial cells seeded on MFS and nHA/FS exhibited lower
cell proliferation compared to those seeded on non-mineralized scaffolds. These results support
the data from previous studies [32,33]. There are several mechanisms to explain the decreased
proliferation of osteoblast cells on MFS and nHA/FS. First, the attenuated proliferation may
be caused by differentiation of cells towards the mature osteogenic phenotype similar to
mesenchymal stem cells (MSC) that are known to exhibit a marked decrease in proliferation
when cell differentiation is initiated [32,34]. Second, it has been reported that osteoblast-like
cells isolated from rat calvaria undergo apoptosis as a fundamental component of osteoblast
differentiation in vitro and in vivo [35]. Third, the low cell proliferation on calcium phosphate
crystals may occur as a result of insufficient adhesion leading to poor signaling for cell cycle
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progression [36]. We believe that the enhanced cell differentiation observed here is the most
likely reason for the lower cell proliferation on MFS and nHA/FS vs FS scaffolds in this study.
This is corroborated by the findings of a significant increase in ALP activity and increased
mRNA levels for OCN, a marker of osteogenic differentiation, in cells cultured on MFS and
nHA/FS vs FS scaffolds (Fig. 4).

The dissolution rate of calcium phosphate materials has been proposed as an important factor
for promotion of osteogenesis [37], and mild dissolution has been noted to provide a suitable
calcium and phosphate ionic environment that is needed for bone formation [37]. Rapid
dissolution of the materials may be harmful and inhibit osteogenesis [37]. On the other hand,
it has been reported that high extracellular calcium concentrations stimulate cell proliferation
and expression of collagen and BMPs in human osteoblasts [38], whereas inorganic phosphate
has been reported to upregulate osteopontin expression [39] and is proposed as a signaling
molecule for osteoblast cell differentiation [40]. Moreover, inorganic phosphate upregulated
genes including the SIBLING family genes; osteopontin (Opn, >300% of control) and dentin
matrix protein-1 (Dmp-1, >3,000% of control) in cementoblasts [41]. Our group has previously
reported that inorganic phosphate could directly stimulate human aortic smooth muscle cells
to undergo an osteochondrogenic phenotypic change [42]. In the present study, we observed
that MFS had a higher mineral dissolution rate than FS and nHA/FS. Primary calvarial cells
seeded on MFS exhibited higher ALP activity and osteoblast marker gene expression than
those of FS and nHA/FS. Together, these data suggest that the dissolution of calcium phosphate
crystals leads to an increase in the concentration of calcium and phosphate ions at the local site
and this promotes osteoblastic differentiation on the scaffolds. This was also suggested by the
finding that the ALP activity of osteoblasts cultured on MFS in osteogenic medium without
β-glycerophosphate expressed significantly higher ALP activity compared to those cultured
on FS and nHA/FS.

Ideally, for clinical application in bone regeneration, scaffolds should gradually degrade and
be fully replaced by natural bone tissue. In the present study, we demonstrated that FS, MFS
and nHA/FS were degraded upon seeding with osteoclasts in vitro as well as with implantation
in vivo. The FS scaffolds degraded completely within 30 days of subcutaneous implantation.
This result corresponds to the study of Cronin KJ, et al, which showed that upon implantation
of fibrin glue in a murine chamber model in vivo, residual fibrin was found in the two-week
specimens and was completely absent in four- and six- week specimens, replaced mostly by
vascularized connective tissue [43].

In this study, we observed low to moderate woven bone formation in the calvarial defect around
the MFS and nHA/FS, suggesting that these materials have osteoconductive properties and
may support osteogenic cell proliferation, as well as, differentiation with subsequent formation
of bone matrix. The lack of a more robust response, such as that seen with addition of rhBMP-2,
may be due to lack of progenitor cells or osteogenic inductive molecules within the defect area.
Indeed, bone formation was significantly enhanced by addition of rhBMP-2. These results
suggest that microporous nanofibrous fibrin-based scaffolds retain active rhBMP-2 and allow
efficient release as well as support the biological function of rhBMP-2 in vivo. The rh-BMP-2
is expected to be released from FS by a simple diffusion-controlled mechanism whereas
releasing of rhBMP-2 from MFS or nHA/FS may also be dependent on the crystallinity, pH,
temperature, and dissolution of mineral crystals [44].

Conclusion
Polymer/calcium phosphate composite biomaterials have been proposed as candidate
biomaterials for treatment of bone defects. The fibrin-based composite scaffolds described in
the present study are non-toxic, biodegradable, and support cell proliferation and maturation
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both in vitro and in vivo. Furthermore, these scaffolds supported bone formation in a mouse
calvarial defect model. The favorable properties of these scaffolds make them excellent
candidate materials for use in bone tissue engineering.
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Figure 1.
(A) SEM micrographs illustrating the surface structure of microporous nanofibrous fibrin
scaffolds. (a) Fibrin scaffolds (FS) in PBS for 14 d; (b–d) Mineralized fibrin scaffolds (MFS)
in saturated calcium phosphate solution for 24h, 7d and 14 d, respectively; (e) Representative
structure of nanocrystal-incorporated hydroxyapatite fibrin scaffolds (nHA/FS, 0.5 g). Higher
magnification SEM micrographs to clarify the mineral crystal structure is shown in (f–j). (B)
The quantification of calcium content in the Mineralized fibrin scaffolds (MFS) in saturated
calcium phosphate solution for various time points. (C) The quantification of calcium content
of nanocrystal-incorporated hydroxyapatite fibrin scaffolds (nHA/FS, 0.25 g and 0.5 g)
compare to Fibrin scaffolds (FS).
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Figure 2.
Raman spectra focused on the phosphate's internal mode, the 400–1100 Δcm−1 range of
mineralized fibrin scaffolds (MFS) incubated in saturated calcium phosphate solution and
nanocrystal incorporated hydroxyapatite fibrin scaffolds (nHA/FS).
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Figure 3.
(A) SEM showing the surface of fibrin scaffolds (FS), mineralized fibrin scaffolds (MFS), 0.25
g nanocrystal incorporated hydroxyapatite fibrin scaffolds (nHA/FS) and 0.5 g nanocrystal
incorporated hydroxyapatite fibrin scaffolds (nHA/FS) after seeding with primary calvarial
cells for 21 days. (B) Proliferation of primary calvarial cells on fibrin-based scaffolds. (C)
Alkaline phosphatase activity of primary calvarial cells cultured on fibrin-based scaffolds in
osteogenic medium. (D) Mineral deposition of primary calvarial cells on fibrin-based scaffolds.
The bars indicate statistical significance at p<0.05.
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Figure 4.
Osteoblast marker gene expression of primary calvarial cells cultured on the scaffolds in
osteogenic medium for 14 and 21 d. lane 1: fibrin scaffolds (FS); lane 2: mineralized fibrin
scaffolds (MFS); lane 3: 0.25 g nanocrystal incorporated hydroxyapatite fibrin scaffolds (nHA/
FS); lane 4: 0.5 g nanocrystal incorporated hydroxyapatite fibrin scaffolds (nHA/FS).
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Figure 5.
(A) The dissolution of mineral crystals from fibrin-based scaffolds incubated in PBS at 37°C.
(B) SEM showing the morphology of bone marrow-derived macrophage cells alone cultured
on fibrin scaffolds (supplement with M-CSF and RANKL). The cell fusion (arrow head), cell
aggregation (arrow) and resorption pit (asterix) are shown. For the cell mediated degradation
study, scaffolds were seeded with primary calvarial cells, bone marrow-derived macrophages
or co-culture. The dry weight (C) and calcium content (D) of scaffolds were measured. (E)
Histological images of subcutaneously implanted scaffolds for 14 days. Arrowheads show the
multinucleated giant cells.
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Figure 6.
Representative low and high magnification histological images of mouse calvarial defects at
45 days after surgery. The empty defects are shown in column 1. Defects were treated with
fibrin scaffolds (FS: column 2), mineralized fibrin scaffolds (MFS: column 3), and 0.5 g
nanocrystal incorporated hydroxyapatite fibrin scaffolds (nHA/FS: column 4). For each type
of scaffolds, treatments were divided into two groups; 1) scaffolds alone (upper row), 2)
scaffolds+rhBMP-2 (lower row). Arrows represent the remaining scaffolds and open arrows
represent bone tissue formation.
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Figure 7.
Semi-quantitative scores of bone regeneration in the calvarial defects are presented as box
plots, where the boxes represent the first and third quartiles. The line in the box represents the
median and lines outside the box represent the spread of values. Asterix (*) shows the
significant at p<0.05 compared to the empty defect. Bars show the significant difference
between groups (p<0.05).
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Table 1
Semi-quantitative scoring parameters for evaluation of bone regeneration.

Score Extent of Bone in Defect

0 No bone formation
1 Minimal bone formation (one very small area in the defect)
2 Low bone formation, occupying only small portion of the defect
3 Moderate bone formation, occupying substantial portion but less than three quarter of the defect
4 Abundant bone formation, occupying greater than three quarter of the defect
5 Complete mature bone formation, occupying greater than three quarter of the defect with obvious abundant mature marrow

cavity

Modified from Mankani M, et al.
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Table 2
Atomic Ca/P ratio of mineralized fibrin scaffolds (MFS) incubated in saturated calcium phosphate solution over 14
days and nanocrystal incorporated hydroxyapatite fibrin scaffolds (nHA/FS).

Incubation time Atomic Ca/P ratio range

24h 1.09–2.62
48h 1.04–1.55
72h 1.00–1.30
96h 1.12–1.77
7d 1.21–1.70
14d 1.11–1.79

0.25 g nHA/FS 1.33–1.65
0.5 g nHA/FS 1.34–1.69
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