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Abstract
Silks fibroin biomaterials are being explored as novel protein-based systems for cell and tissue
culture. In the present study, biomimetic growth of calcium phosphate on porous silk fibroin
polymeric scaffolds was explored to generate organic/inorganic composites as scaffolds for bone
tissue engineering. Aqueous-derived silk fibroin scaffolds were prepared with the addition of
polyaspartic acid during processing, followed by the controlled deposition of calcium phosphate by
exposure to CaCl2 and Na2HPO4. These mineralized protein-composite scaffolds were subsequently
seeded with human bone marrow stem cells (hMSC) and cultured in vitro for 6 weeks under
osteogenic conditions with or without BMP-2. The extent of osteoconductivity was assessed by cell
numbers, alkaline phosphatase and calcium deposition, along with immunohistochemistry for bone
related outcomes. The results suggest increased osteoconductive outcomes with an increase in initial
content of apatite and BMP-2 in the silk fibroin porous scaffolds. The premineralization of these
highly porous silk fibroin protein scaffolds provided enhanced outcomes for the bone tissue
engineering.
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Introduction
Bones provide mechanical protection for internal organs and blood forming marrow, facilitate
locomotion and serve as a reservoir for calcium, magnesium and phosphate minerals [1]. Bones
are formed by a series of complex events involving mineralization with calcium phosphate in
the form of hydroxyapatite (HAP) on extracellular matrix proteins primarily consisting of
collagen type I. Calcium-phosphate (Ca-P) coatings have also been used to improve the
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bonding of polymeric materials to bone and to enhance cell adhesion and differentiation of
osteoprogenitor cells [2,3]. Ca-P biomaterials are used as grafts for bone repair, augmentation,
or substitution. These commercially-available Ca-P biomaterials differ in origin, composition,
physical form and physicochemical properties, while offering similar compositions to bone
mineral phases, bioactivity, promotion of cellular functions and osteoconductivity [4].

Bone fractures and related damage result in more than 1.3 million surgical procedures each
year in the United States [5]. Many acute and chronic injuries or defects require bone graft
substitutes. Current options include autografts, allografts, and an assortment of synthetic or
biomimetic materials and devices. Each of these options has significant limitations, such as
the need for second site of surgery, limited supply, inadequate size and shape, and the morbidity
associated with donor site. Thus there remains a need for new options [4]. Tissue engineering
has potential to address this need through the combination of biomaterials, growth factors, and
cells. Highly porous scaffolds are generally used as the substrate for anchorage dependent cells
and to facilitate nutrient and metabolite distribution to guide cell growth leading to new bone
tissue formation [6]. For bone tissue engineering, biodegradable synthetic polymers such as
poly (glycolic acid) (PGA), poly(lactic acid) (PLA), copolymers of poly(DL-lactic-glycolic
acid) (PLGA), and biodegradable naturally derived polymers such collagen and fibrin have
been studied in this context [7–10]. Salt-leaching methods are often used to generate the porous
foams from these biodegradable polymers [11–14]. One of the limitations of the above
approach is that new tissue matrix formation is often limited to the surface of the foams, with
minimum cell growth near the center or necrotic zones in the center of the construct [6,7].

The goals for scaffolds for bone tissue engineering include appropriate chemistry, morphology
and structure to promote cell adhesion for osteoblasts and osteoprogenitor cells, migration,
differentiation, and synthesis of new bone matrix, with homogenous distribution to avoid
necrosis in the central regions where transport is more limited [6]. Silk fibroin represents an
important biomaterial in this context. While silk has a long history of use in sutures, recent
studies have expanded the fundamental understanding of the formation and function of silk-
based biomaterials. Silk fibroin materials offer impressive mechanical properties,
biodegradability, biocompatibility, and versatility in processing for biomedical applications
[15–21]. Previously, we have reported the formation of three-dimensional porous silk fibroin
scaffolds prepared in an all-aqueous format [13,14] as well as an organic solvent-based
(hexafluoroisopropanol; HFIP) process [22]. The porosity, pore size, and mechanical
properties could be controlled by manipulation of the concentration of silk fibroin protein used
in the process and the size of porogen (NaCl particles) [12,13,22]. Most importantly within the
context of the limitations noted above with other degradable porous biodegradable scaffolds,
silks degrade very slowly, they are stabilized without a need for chemical cross-linking, and
thus these systems retain their open porous features longer to promote more homogenous
growth of cells and new tissue formation [23–25].

HAP has been investigated for bone replacement since this material mimics natural bone
mineral features [26–29]. HAP has been studied extensively in cell culture and possesses
osteoconductivity [30–33]. We hypothesized that the incorporation of bone-like mineral HAP
into highly porous biodegradable silk fibroin scaffolds would improve osteogenic outcomes.
Therefore, in the present study, highly porous mineralized aqueous-derived silk fibroin
scaffolds were prepared and mineralized with HAP. The effect of mineralization on osteogenic
differentiation of hMSCs was assessed with respect to bone tissue engineering.
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Materials and Methods
Materials

Fetal bovine serum (FBS), Minimum essential medium (MEM) αmedium, basic fibroblast
growth factor (bFGF), Penicillin-streptomycin (Pen-Strep), Fungizone, non essential amino
acids, and trypsin were from Gibco (Carlsbad, CA). Ascorbic acid phosphate,
Histopaque-1077, dexamethasone, and β-glycerophosphate were from Sigma (St. Louis, MO).
BMP-2 was a generous gift from Wyeth Bio-Pharmaceuticals (Andover, MA). All other
substances were of analytical or pharmaceutical grade and obtained from Sigma. Silkworm
cocoons were kindly supplied by M. Tsukada (Institute of Sericulture, Tsukuba, Japan).

Preparation of silk fibroin aqueous solution
Cocoons of B. mori were boiled for 20 min in an aqueous solution of 0.02 M Na2CO3, and
then rinsed thoroughly with distilled water to extract the glue-like sericin proteins. The
extracted silk fibroin was dissolved in 9.3 M LiBr solution at 60°C for 4 hrs, yielding a 20 w/
v% solution. This solution was dialyzed in distilled water using a Slide-a-Lyzer dialysis cassette
(MWCO 3,500, Pierce) for 2 days. The final concentration of silk fibroin aqueous solution was
ca. 8 w/v%, which was determined by weighing the remaining solid after drying. To prepare
concentrated silk fibroin solution, 10 ml of 8 w/v % silk fibroin solution was dialyzed against
1 liter of 25 wt% polyethylene glycol (PEG, 10,000 g/mol) solution at room temperature by
using Slide-a-Lyzer dialysis cassettes (MWCO 3500) [13]. After the required time, the
concentrated silk fibroin solution was slowly collected by syringe to avoid excessive shearing
and the concentration was determined. All solutions were stored in a refrigerator at 7–8°C
before use to avoid premature precipitation. Silk fibroin films prepared from 8 w/v % solutions
were evaluated to verify the removal of Li+ ion by XPS (X-ray photoelectron spectrometer,
PHI 5600 ESCA microscope, Physical Electronics, Eden Prairie, MN, USA); no residual Li+
ion was detected.

Preparation of silk fibroin-polyaspartic acid scaffolds
For the preparation of the polymer solutions the required amount of polyaspartic acid solution
(20 wt%) was added to silk fibroin solution (8.0 ~ 9.8 wt%) with mild stirring for 2 minutes.
The blend ratios of silk fibroin/polyaspartic acid were 100/0, 95/5, 90/10 and 80/20 (w/w).
Aqueous-derived silk fibroin scaffolds were prepared by adding 4 g of granular NaCl (particle
size; 850~1000 μm) into 2 ml of silk fibroin-polyaspartic acid solutions in disk-shaped
containers with 18 mm in diameter and 20 mm in height. The containers were covered and left
at room temperature. After 24 hrs, the containers were immersed in water and the NaCl
extracted for 2 days.

Mineralization
The alternate soaking process was used to grow apatite on silk fibers. First, silk fibroin-
polyaspartic acid scaffolds (5 mm in diameter × 5 mm in height) were soaked in 20 ml of 200
mM CaCl2 solution (buffered with 50 mM Tris·HCl, pH 7.4) for 20 min at 37°C and washed
two times with 200 ml of distilled water. The silk fibroin-polyaspartic acid scaffolds were then
transferred to 20 ml of 120 mM Na2HPO4 solution, soaked for 20 min at 37°C and washed
two times with times with 200 ml of distilled water. After soaking cycles were repeated 3, 5
and 7 times, mineralized scaffolds were freeze-dried.

Scanning Electron Microscopy (SEM)
Freeze-dried silk scaffolds were fractured in liquid nitrogen using a razor blade. Samples were
sputter coated with gold. The morphology of the scaffolds was observed with a LEO Gemini
982 Field Emission Gun SEM. Pore size was obtained using ImageJ software developed at the
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US National Institutes of Health. Four independent samples were conducted with a minimum
of N=5 for pore size.

X-ray Photoelectron Spectroscopy (XPS)
XPS was performed using a Surface Science Inc. Model SSX-100 X-ray photoelectron
spectrometer (PHI 5600 ESCA microscope, Physical Electronics, Eden Prairie, MN, USA).
Survey scans and narrow scans (spot 1000 μm, resolution 4) were performed using a flood gun
(charge neutralizer) setting of 5 eV to prevent charging of the sample surface.

X-ray diffraction
X-ray diffraction of freeze-dried samples of the scaffold was obtained with Ni-filtered Cu-
Kα radiation (λ= 0.15418 nm) from a Rigaku RU-200BH rotating-anode X-ray generator
operating at 40 kV and 40 mA. X-ray diffraction patterns were recorded with a point collimated
beam and an imaging plate (Fuji Film BAS-IP SR 127) in an evacuated camera. The camera
length was calibrated with NaF (d=0.23166nm).

Human Bone Marrow Stem Cell Isolation and Expansion
Total bone marrow (25 cm3, Clonetics, Santa Rosa, CA) was diluted in 100 ml of medium
(10% FBS) and prepared as we have previously reported [14]. Briefly, cells were separated by
density gradient centrifugation with 20 ml aliquots of bone marrow suspension overlaid onto
a poly-sucrose gradient (1,077 g/cm3, Histopaque, Sigma, St. Louis, MO) and centrifuged at
800×g for 30 min at room temperature. Cells were pelleted and suspended in expansion medium
(α-MEM, 10% FBS, 1 ng/ml bFGF, 100 U/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml
fungizone, 0.1 mM nonessential amino acids) and seeded in 75 cm2 flasks at a density of
5×104 cells/cm2. The adherent cells were allowed to reach approximately 80% confluence (12–
17 days for the first passage). Cells were trypsinized, replated and passage 2 (P2) cells (80%
confluence after 6–8 days), were used for the experiments.

In vitro Culture
For examination of cell growth and differentiation in vitro on the silk scaffolds, P2 hMSCs
(5×106 cells/scaffold) were seeded onto prewetted (α-MEM, overnight) scaffolds (diameter
×height; 5 mm ×5 mm). After 24h, the medium was removed and cultures were maintained in
individual wells of 6-well plates. Osteogenic media consisted of α-MEM supplemented with
10% FBS, 0.1 mM nonessential amino acids, 50 μg/ml ascorbic acid-2-phosphate, 100 nM
dexamethasone, 10 mM β-glycerolphosphate and 100 ng/ml BMP-2 in the presence of 100 U/
ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml fungizone. Cultures were maintained
at 37□ in a humidified incubator supplemented with 5% CO2. Half of the medium was changed
every 2–3 days. The scaffolds were cultured for 6 weeks and samples removed for analysis.

Biochemical Analysis
Scaffolds were processed for biochemical analysis and histology. Cell proliferation on the
scaffolds was quantified with DNA assay. For DNA analysis, 4 scaffolds per group were
chopped with microscissors in ice. DNA content (N=4) was measured using the PicoGreen
assay (Molecular Probes, Eugene, OR), according to the protocol of the manufacturer. Samples
were measured fluorometrically at an excitation wavelength of 480 nm and an emission
wavelength of 528 nm. For total calcium content, samples (N=4) were extracted twice with
0.5 ml 5% trichloroacetic acid. Calcium content was determined by a colorimetric assay using
o-cresolphthalein complexone (Sigma, St. Louis, MO). The calcium complex was measured
spectrophotometrically at 575 nm. Alkaline phosphatase (ALPase) activity was measured using
a biochemical assay from Sigma (St. Louis), based on conversion of p-nitrophenyl phosphate
to p-nitrophenol, which was measured spectrophotometrically at 405 nm.
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Histological evaluation
After fixation with 4% phosphate-buffered formaldehyde for at least 24 hours, specimens were
embedded within paraffin and sectioned (5 μm). Using standard histochemical techniques,
serial sections were stained with hematoxylin and eosin. Mineralization was analyzed using
the von Kossa stain method.

Immunohistochemistry
Samples are fixed in 10% neutral buffered formalin for 8–12 hrs, dehydrated in graded alcohols,
embedded in paraffin, and sectioned to a thickness of 5 μm. Sections are assessed
immunohistochemically using the DAB Detection Kit (Ventana Medical Systems, Inc.,
Tucson, AZ) according to the manufacturer’s instructions. Briefly, sections are digested with
endopeptidese to unmask antigen binding sites, exposed to an endogenous peroxidase inhibitor,
and incubated with primary col I antibody (Biodesign, Saco, ME) at room temperature. Sections
are then incubated with biotinylated IgG and exposed to horseradish peroxidase (HRP) labeled
streptavidin. Antibody complexes were visualized after the addition of a buffered
diaminobenzidine (DAB) solution. The sections then were counterstained in hematoxylin and
lithium carbonate and mounted. Negative controls are performed similarly in the absence of
the primary antibody.

Mechanical properties
Mechanical characterization of compression properties of the scaffolds was performed on an
Instron 3366 testing frame equipped with a 0.1 kN load cell. Compression tests were conducted
at room temperature with a conventional open-sided (non-confined) configuration. A
displacement control mode was used, with a crosshead displacement rate of 5 mm/min. Eleven
cylindrical samples, each nominally 5 mm in diameter and 5 mm in height, were evaluated for
each composition. This 1:1 sample geometry aspect ratio represents an acceptable compromise
between processing and testing needs. The compressive stress and strain were graphed and the
average compressive strength as well as the compressive modulus and standard deviation
determined. The elastic modulus was calculated based on a semi-automatic technique. The
stress-strain diagram from initial loading until just beyond initial failure of the samples
(encompassing the linear, load-bearing portion of the diagram) was segmented into 8 sections.
Least-squares’ fitting was used to determine the slopes of each section. The steepest slope,
which for all samples corresponded to the initial section of the load-bearing material response,
was defined as the compressive modulus. The compressive strength was determined using an
offset-yield approach. A line was drawn parallel to the modulus line, but offset by 0.5% of the
sample gauge length (nominal sample height of 5 mm). The corresponding stress value at which
the offset line crossed the stress-strain curve was defined as the compressive strength of the
scaffold [13].

Statistical Analysis
Two independent experiments were conducted with a minimum of N=4 for each data point.
The results (Fig. 3B, 4 and 6) of one independent experiment are displayed for each analysis.
Data were analyzed using the Student-Newman-Keuls Multiple Comparisons Test.

Results
Preparation of aqueous-derived scaffolds

Porous silk fibroin (SF)-polyaspartic acid (PA) scaffolds were prepared using a salt-leaching
method as we have previously described [13,34]; the salt leaching approach has also been
reported for collagen and polylactic acid [11–14]. In the process used here the surface of the
NaCl particles dissolve in the SF-PA aqueous solution, while most of the salt was retained in
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the solid state because of super saturation of the solution. The SF-PA aqueous solutions formed
into hydrogels after 24 hrs, resulting in the formation of water-stable porous matrices (Fig. 1).
Subsequent to porous scaffold formation and removal of the residual salt, controlled deposition
of apatite was carried out by salt deposition due to the nucleating role of the polyaspartic acid
that partitions to the interface of the hydrophobic silk structures [34]. The amount of apatite in
the scaffolds increased with increase in polyaspartic acid content and mineralization cycles
used to control mineral phase deposition (Table 1). Apatite particles deposited on the scaffold
walls with full coverage attained after three rounds of mineralization. The carboxyl groups
from the polyaspartic acid enhanced apatite deposition on the silk fibroin substrates.

Morphology
Fig. 2A contains SEM images of the scaffolds prepared from blends of SF-PA solutions with
NaCl particles (850~1000 μm). The actual pore sizes in the scaffolds were 750±20 μm,
reflecting the partial dissolution of the surface of NaCl particles. The pore size distribution was
homogeneous throughout the scaffolds. The scaffold pores were highly interconnected and
displayed rough surfaces likely due to the partial dissolution on the surfaces of the NaCl
particles resulting in a templating effect on the final surface morphology. The mineralized silk
fibroin-polyaspartic acid scaffolds with various levels of mineralization are shown in Fig. 2B.
Apatite particles formed on the surfaces in the presence of polyaspartic acid with more than
three mineralization cycles were used in the study. Globule-like structures of apatite were
observed on the pore wall surfaces, the sizes of which increased with increased numbers of
mineralization cycles.

Structural analysis
Structural changes in the SF-PA scaffolds were determined by X-ray diffraction (Fig. 3A). Silk
scaffolds without treatment with polyaspartic acid or mineralization showed peaks at 8.8°,
20.4° and 24.6°, corresponding to the β-sheet crystalline structure (silk II) of native silk fibroin
[35]. These results indicate β-crystalline spacing of 9.9, 4.3 and 3.6 Å according to the 8.5°,
20.4° and 24.6° reflections, respectively. X-ray diffraction analysis of the silk fibroin scaffolds
with polyaspartic acid and mineralization showed characteristic peaks of HAP at 25.9° and
32.0°. These peak intensities increased with increased numbers of mineralization cycles and
polyaspartic acid content.

Mineralized matrix deposition
To determine the mineralized matrix deposition in the aqueous-derived silk scaffolds, a calcium
assay was used. As the number of mineralization cycles and polyaspartic acid content
increased, calcium deposition increased. The exception was the calcium deposition in the silk
scaffolds with 10% polyaspartic acid, which was higher than those with 20% polyaspartic acid
(Fig. 3B). To confirm that calcium measurements represent active mineralization, the scaffolds
without mineralization were assayed under identical same condition and no calcium was
detected.

Mechanical properties
Compression testing revealed similar stress-strain behavior for all samples: an initially shallow
(low modulus) linear region, followed by a short stress plateau representing scaffold yielding,
before a final region of increased loading as the samples were completely flattened. This
ductile, sponge-like behavior was observed for all mineralized aqueous-derived silk scaffold
samples as well as the aqueous-derived silk scaffolds. Modulus and compressive strength were
lower in the SF-PA samples (p<0.01, Fig. 4) in comparison to the nonmineralized samples.
Like a multi-story building with soft walls, the porous scaffolds likely fail in a progressive-
collapse manner. As compression load is increased, some scaffold walls begin to deform and
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collapse. The overall integrity of the scaffold may not be compromised by this localized event.
However, as load increases, an increasing number of walls will fail, leading to scaffold collapse.
This material response can be seen in stress-strain diagrams as low-amplitude load oscillations.
In this context, while apatite particles may have been deposited on scaffold walls in localized
regions, there may not be sufficient coverage to provide global stiffening.

Scanning electron microscope evaluation after cell culture
Four groups of mineralized scaffolds were prepared for in vitro cultivation. The blend ratios
of SF/PA (w/w) were 100/0 (group I), 95/5 (group II), 90/10 (group III) and 80/20 (group IV)
with five rounds of mineralization, based on the results above regarding polyaspartic acid
content and cycles to complete surface coverage. hMSCs were seeded on all four groups of
mineralized silk 3-D scaffolds and maintained with or without BMP-2 in osteogenic medium
for 6 weeks. After 6 weeks most pores were filled with new tissue mass as observed by SEM.
The constructs cultured with or without BMP-2 contained connective tissues and mineralized
nodules throughout the constructs (Fig. 5).

Biochemical evaluation
The DNA content of the hMSC-scaffolds was measured to quantify cell proliferation. After 6
weeks of growth the cell numbers on scaffolds of group IV (20% polyaspartic acid) were
slightly higher than those on the other mineralized scaffolds. Cell proliferation was not affected
by BMP-2 throughout the constructs (Fig. 6A). Alkaline phosphatase (ALPase) activity, a
marker of early osteoblastic differentiation and commitment of hMSCs toward the osteoblastic
phenotype [36], was determined after 6 weeks of culture. For scaffolds without BMP-2, ALPase
activity increased by 36% on constructs of group IV when compared with the level found in
the constructs of group I (p < 0.01). From group IV, the ALPase activity of cell/mineralized
silk constructs cultured in osteogenic media with BMP-2 was higher (p<0.001) than the activity
in constructs cultured in osteogenic media without BMP-2 (Fig. 6B). Calcium content was
determined after 6 weeks in culture. With BMP-2 (100 ng/ml) present in culture mineralized
matrix deposition on the scaffolds was higher (p<0.001) than scaffolds cultured without
BMP-2. Increased content of polyaspartic acid resulted in a progressive increase in mineralized
matrix deposition (Fig. 6C). Without BMP-2 in the cultures, similar levels of calcium
deposition on the scaffolds were observed.

Histological and immunohistochemical evaluation
Cell distribution and morphologies were visualized by histological analysis using hematoxylin
and eosin (Fig. 7A). As the polyaspartiac acid content increased cells were less uniformly
distributed without BMP-2 in culture. Cells were uniformly distributed in control scaffolds
(without mineralization, data not shown). On all mineralized aqueous-based silk scaffolds the
cells were more abundant on the surface regions than in the center regions 6 weeks after cell
seeding. However hMSCs were more uniformly distributed in scaffolds of group I than in group
IV. Osteoblast-like cells with cuboidal or columnar morphologies were observed in all
mineralized aqueous-based silk scaffolds. After 6 weeks of culture, most pores were filled with
connective tissue, fibroblast-like cells and cuboidal osteoblast-like cells. The pores were filled
with extracellular matrix (ECM). Von Kossa staining supported calcification on the surface of
scaffold lattices, with prominence for scaffolds of group IV in comparison to scaffolds of group
I. In scaffolds of group I, mineralization was also observed in the internal lattice. After 6 weeks,
mineralization was advanced on all mineralized aqueous-based silk scaffolds in the presence
of BMP-2 (Fig. 7B). Immunohistochemistry analysis demonstrated that collagen type I (Col
I) was expressed in all groups. With BMP-2 in culture, Col 1 expression slightly increased in
constructs of group II and III (Fig. 7C).
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Discussion
From the primary sequence of the silkworm silk fibroin heavy chain, large internal hydrophobic
blocks and small internal hydrophilic blocks are present, with two large hydrophilic blocks at
the chain ends [37]. The percentage of hydrophobic residues in silk fibroin is 79% [38] and
the repetitive sequence in these hydrophobic blocks consists of GAGAGS peptides that
dominate the β-sheet structure that forms the crystalline regions in silk fibroin fibers and films
[39]. Since protein solubility typically decreases as salt concentration rises, interactions
between these domains become favored from both intra- and interchain interactions.
Interactions between non-polar residues increase with addition of salt, leading to the salting-
out effect [40]. The behavior of the fibroin in the concentrated NaCl system may be related to
the role of the salt ions in extracting water that would otherwise coat the hydrophobic fibroin
domains, promoting chain-chain interactions leading to the new more stable structure. These
changes in hydrophobic hydration induce protein folding, resulting in β-sheet formation [41].
We have previously shown that these macroporous 3D aqueous-based silk scaffolds improved
bone-related outcomes for bone tissue engineering [13,14].

The development of a new generation of bone-like composite materials with improved
mechanical properties and enhanced biocompatibility requires a biomimetic synthetic
approach using natural bone as a guide. The preparation of a range of bone-like materials has
been reported [6,29,42–49]. Natural bone is a biocomposite in which inorganic apatite crystals
are deposited on collagen fibers woven into a three dimensional structure. HAP-binding
proteins have definitive HAP-binding sites based on acid side chains on amino acids. Proteins
containing aspartic acid-rich sequences interact with crystals of calcium salt in a specific
manner [50,51], and poly-glutamic acid sequences or poly-aspartic acid sequences are present
in HAP-binding proteins [49]. From a comparison of Fig. 3,5 and 6, and Table 1, as the poly-
aspartic concentration was increased, the deposition of HAP increased. HAP consists of
Ca2+ ions surrounded by both PO4

2− and OH− ions. Once the apatite nuclei form, spontaneous
growth occurs by addition of calcium and phosphate ions from the surrounding medium during
soaking in CaCl2 and Na2HPO4 to trigger the deposition of apatite [49,52].

In the present study, a material similar in composition and structure to natural bone was
hypothesized to be a good starting point for bone tissue engineering. Based on our prior studies
with silk fibroin porous scaffolds without premineralization, we presumed suitable bone tissue
outcomes would be found. The mineralization was anticipated to provide an enhanced
environment for bone related outcomes due to the osteoconductivity, as well as improved
mechanical properties. For the in vitro study of the 3D mineralized silk scaffolds, BMP-2 was
added to the culture medium as it is known to induce osteogenic differentiation of hMSCs.
Examination of cell-seeded constructs by SEM provided visual confirmation of good
mineralization. Pores of the constructs were filled by cells at 6 weeks. More than a single cell
layer was observed. Cells showed no regular orientation and mineralized nodules were formed
in the constructs (Fig. 5). Proliferation, ALPase activity, and mineralization were assessed to
monitor the behavior of hMSCs cells for osteogenic differentiation. Cells proliferated with
time in the scaffolds in culture, demonstrating that the scaffold architecture was suitable for
hMSC seeding and growth. Alkaline phosphatase levels were used as a marker since it is one
of the markers of osteogenic cells [36,53,54], and osteoblast-like cells possess calcium
receptors [55]. The bone matrix consists of hydroxyapatite crystals containing calcium and
phosphorus. Therefore, these factors provide important indicators of osteogenic differentiation.

In the absence of BMP-2, ALPase activity and calcium deposition were similar in the
mineralized silk scaffold groups. Also, similar ALPase activity was observed after 6 weeks in
culture with osteogenic media, with or without BMP-2, in scaffolds of groups I, II and III.
ALPase activity increased in scaffolds of group IV with BMP-2. Calcium measurements
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revealed an increase in calcium deposition in all mineralized silk scaffolds with BMP-2 (Fig.
6B and 6C). Control scaffolds (without mineralization) showed no detectable calcium
deposition after 6 weeks (data not shown). On von Kossa staining as the apatite mineral
deposition on scaffold walls increased, osteoconductivity improved and (Fig. 7B).

The seeded hMSCs were more uniformly distributed in the scaffolds of control and group I
compared with the other groups. As the polyaspartic acid content was increased the apatite
mineral deposition increased and cells were less uniformly distributed in the scaffolds. The
increase of apatite mineral particles may impede cell migration and permeability for nutrients
to the center of scaffolds (Fig. 7A), as has often been observed in other porous scaffold systems
as mentioned earlier. The adsorption of proteins and other biologically active molecules to
HAP is likely different than to the control silk fibroin polymers without the mineral phase.
These proteins and biologically active molecules may mediate the interactions between the
cells and the scaffolds. The varied interactions from the scaffolds to the cells might have
resulted in some of the change in osteoconductivity of the scaffolds [6].

In conclusion, aqueous-derived porous silk fibroin scaffolds could be used as templates to
deposit apatite on the pore surfaces via mixing with polyaspartic acid during processing,
followed by mineralization with CaCl2 and Na2HPO4. The content of polyaspartic acid and
the extent of mineralization impacted cell responses, with some of the conditions resulting in
enhanced outcomes related to bone tissue engineering.
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Fig. 1.
Schematic of the basic process (a) to prepare aqueous-derived 3D scaffolds from silk fibroin
and polyaspartic acid, and (b) mineralization. Scale bar in ‘a’ = 1 cm.
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Fig. 2.
SEM images of the scaffolds prepared from various blend ratios of silk fibroin-polyaspartic
acid solutions (A) [a; 100/0, b; 95/5, c; 90/10, d; 80/20]. Scale bar = 200 μm. SEM images of
the mineralized scaffolds prepared from various blend ratios of silk fibroin-polyaspartic acid
solutions (B) [100/0: a, b, c; 95/5: d, e, f; 90/10: g, h, I; 80/20: j, k, l] with various soaking
cycles [3 cycles: top; 5 cycles: middle; 7 cycles: bottom]. Scale bar = 10 μm.
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Fig. 3.
X-ray diffraction of silk fibroin scaffolds with and without the treatment of polyaspartic acid
and mineralization (A). a; hydroxyapatite, b; silk fibroin (SF)/polyaspartic acid (PA) = 100/0
and 0 soaking cycle, c; SF/PA = 100/0 and 3 soaking cycles, d; SF/PA = 100/0 and 5 soaking
cycles, e; SF/PA = 100/0 and 7 soaking cycles, f; SF/PA = 95/5 and 3 soaking cycles, g; SF/
PA = 95/5 and 7 soaking cycles. Calcium deposition in silk fibroin scaffolds with and without
the treatment of polyaspartic acid and mineralization (B). Silk fibroin scaffolds with or without
the treatment of PA soaked in CaCl2 and Na2HPO4 Tris buffer alternatively. Data are shown
as mean ± standard deviation, from 4 samples. (*) represents statistically significant differences
(p<0.001).
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Fig. 4.
Compressive modulus (A) and strength (B) of aqueous-derived silk scaffolds and mineralized
aqueous-derived silk scaffolds. (* and **) represents statistically significant differences
(p<0.001 and p<0.01).
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Fig. 5.
SEMs of cellular constructs maintained with osteogenic supplements. The constructs with
hMSCs cultured for 6 weeks in osteogenic medium with BMP-2 (100 ng/ml) or without BMP-2.
Connective tissues (C) and mineralized nodules (M) were formed in the constructs.

Kim et al. Page 17

Bone. Author manuscript; available in PMC 2009 June 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Biochemical characterization. Total number of cells on scaffolds after 6 weeks of culture (A).
ALPase activity per-scaffold (B), total calcium per-scaffold (C). Data are shown as mean ±
standard deviation, from 4 samples. (*) represents statistically significant differences (p<
0.001).
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Fig. 7.
(A) Hematoxylin and eosin staining of cells on mineralized silk constructs. The constructs with
hMSCs cultured for 6 weeks in osteogenic medium. Osteoblast-like cells (O) and connective
tissues (C) were observed in the mineralized silk constructs. The scaffolds prepared from
various blend ratios of silk fibroin-polyaspartic acid solutions (a, b: 100/0; c, d: 95/5; e, f:
90/10; g, h: 80/20) with 5 mineral deposition cycles. (B) Deposition of mineralized matrix on
mineralized silk constructs. von Kossa staining (dark brown area) is shown for hMSCs cultured
on mineralized silk constructs. The constructs with hMSCs cultured for 6 weeks in osteogenic
medium with BMP-2 (100 ng/ml; b, d, f, h) or without BMP-2 (a, c, e, g). (C)
Immunohistochemical staining of collagen type I. Extracellular matirices (*) stained positive
for Col I within the scaffold pores. The Col I matrix covered the entire mineralized aqueous-
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based silk lattice (#) after 6 weeks of culture with BMP-2 (100 ng/ml; b, d, f, h) or without
BMP-2 (a, c, e, g).
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