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a b s t r a c t

Genetically modified silk fibroin containing a poly-glutamic acid site, [(AGSGAG)4E8AS]4, for mineraliza-
tion was produced as fibers by transgenic silkworms through systematic transformation of the silk-
worms. The Ca binding activity and mineralization of the transgenic silk fibroin were examined
in vitro, showing that this transgenic silk fibroin had relatively high Ca binding activity compared with
native silk fibroin. Porous silk scaffolds were prepared with the transgenic and native silk fibroins. Heal-
ing of femoral epicondyle defects in rabbit femurs treated with the scaffolds was examined by observing
changes in images of the defects using micro-computed tomography. Earlier mineralization and bone for-
mation were observed with scaffolds of transgenic silk fibroin compared with those of native silk fibroin.
Thus, this study shows the feasibility of using genetically modified silk fibroin from transgenic silkworms
as a mineralization-accelerating material for bone repair.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction biocompatible. Many studies have demonstrated the feasibility of
The clinical need for materials for bone regeneration is expected
to increase. Currently, close to 1000,000 bone grafts are performed
each year for skeletal augmentation [1–3]. Autografts remain the
clinical standard for bone repair because they involve use of the
patient’s own cells and growth factors, however, issues of donor
site morbidity and prolonged hospitalization remain to be over-
come [4]. Further, allografts carry the risks of immune rejection
and disease transmission [5]. Orthopedic procedures would, there-
fore, benefit from osteopromotive scaffolds that could be used to
provide a space for tissue organization, enhance migration, and de-
liver osteogenic cells and cytokines. These materials should have
essential characteristics, including biocompatibility, porosity, and
appropriate mechanical properties.

Some polymeric scaffolds have been examined, but issues
regarding these scaffolds remain unresolved, such as the poor
mechanical properties of collagen and inflammation caused by
acidic hydrolysis products of poly(lactic–co-glycolic acid) or poly-
L-lactic acid [6]. In contrast, silk fibroin from Bombyx mori has
superior mechanical properties that are tailorable: they degrade
slowly, permitting an adequate time for remodeling, and they are
ia Inc. Published by Elsevier Ltd. A
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B. mori silk fibroin-based porous scaffolds [7–14], many of which
drive successful bone repair by providing bone marrow stem cells
[7–10,12,13] or osteoblast-like cells [11]. However, the primary
structure of B. mori silk fibroin is a highly repetitive sequence,
(Ala-Gly-Ser-Gly-Ala-Gly)n [15], which does not have enough Ca-
binding sites for mineralization. Previous studies have reported
that mineralization on silk fibroin scaffolds is needed for osteocon-
ductivity in the presence and absence of cells [7–10,12,13].

The mineralization process is naturally induced in native bone
by self-assembly at the charged acidic domains of non-collagenous
proteins, which provide adequate conditions for the nucleation of
calcium hydroxyapatite (HAP) and development of ordered HAP
crystals [16–26]. These activities can be mimicked in vitro by syn-
thetic homopolymers or proteins containing with poly-L-glutamic
acid [27]. These finding focus on poly-L-glutamic acid as the HAP
nuclei-forming sites in proteins. In previous studies we have
mimicked the self-assembly system in native bone [28,29]. A
new strategy for bone repair was advanced by using the sequence
[(AGSGAG)4E8AS]4, which combines the excellent mechanical
properties of the B. mori silk fibroin repetitive domain (AGSGAG)n

and the Ca binding properties of the poly-glutamic acid domain.
In the present study transgenic silk fibroin containing the Ca

binding sequence [(AGSGAG)4E8AS]4 is produced as fibers, through
the systematic transformation of silkworms [30–32]. The Ca binding
activity and mineralization of the transgenic silk fibroin is examined
ll rights reserved.
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in vitro. Then we build on those studies by implanting the porous
silk scaffolds into rabbit femurs in vivo. Healing of femoral epicon-
dyle defects is examined by observing changes in the images of de-
fects using micro-computed tomography (micro-CT). Thus we
develop new Ca binding porous silk scaffolds with transgenic silk fi-
broin for bone repair.
2. Materials and methods

2.1. Construction of the transgenic silkworm

Multimerized DNA fragments of the [(AGSGAG)4E8AS]4 se-
quence were obtained by a method previously used to produce
transgenic silk fibroin [30–32]. Oligonucleotide fragments encod-
ing the crystalline region of B. mori silk fibroin and poly-glutamic
acid, the Ca binding region, are shown in Fig. 1a. Each fragment
was inserted into an SpeI- and NheI-digested pUC118 linker to con-
struct the monomer of transgenic silk fibroin. Multimers of the se-
quence (AGSGAG)4E8AS were obtained using previous strategies
that involved head to tail ligation and orientation for NheI and SpeI
sites [30–32]. Multimerized DNA fragments encoding these recom-
binant proteins were inserted into the BamHI- and HindIII-digested
expression vector pET30a.

Transgenic silkworms were constructed as described previously
[30–32]. A transformation vector, piggy Bac-3xP3 DsRed-H pro-
(AGSGAG)4E8, was designed to produce recombinant silk fibroin
that contained the fused gene with fibroin heavy (H)-chain cDNA,
(AGSGAG)4E8, and green fluorescent protein (GFP) sequences. Esch-
erichia coli DH5a was used as the host strain. A schematic for the
construction of plasmids is shown in Fig. 1b. Two oligonucleotides,
50-AGCTAAGATCTC-30 and 50-TTCTAGAGTCGA-30, were used as
linkers to construct the BglII restriction site, which was used to
introduce (AGSGAG)4E8 into the BamHI sites of pHC-EGFP 24. After
pET30a tetramers were digested with BamHI and BglII, the frag-
ments were inserted into BamHI-digested pHC-EGFP. After pHC-
(AGSGAG)4E8-EGFP was digested with AscI and FscI, the fragments
were inserted into AscI/FscI-digested pBac [3xP3-DsRed/EGFP afm]
(Fig. 1b and c). The plasmid was transformed into E. coli J109.

To construct transgenic silkworms, plasmid DNA was injected
into 550 eggs of the w1-pnd strain in the pre-blastodermal stage
(Fig. 1d). Transgenic insects were screened for the expression of
DsRed in the stemmata of G1 embryos, under a fluorescence micro-
scope (Leica, Tokyo, Japan) equipped with a filter set for DsRed. The
GFP fluorescence of the silk gland was observed under a micro-
scope equipped with a filter set for GFP (Fig. 1e).

2.2. Western blotting of transgenic silk fibroin

After the cocoons of the transgenic silkworms were degummed
the transgenic silk fibroin was dissolved in 9 M LiBr aqueous solu-
tion at 37 �C. The solution was then dialyzed against distilled water
for 3 days. The aqueous solution of transgenic silk fibroin was
freeze dried to measure the concentration. SDS–PAGE gels and
Western blotting with anti-GFP antibody of 50 mg ml�1 transgenic
silk fibroin aqueous solutions were observed. Similar experiments
were performed for native silk fibroin as a comparison. GFP (Clon-
tech Laboratories Inc., Tokyo, Japan) was used as a positive control.
The GFP in the transgenic silk fibroin was detected using anti-GFP
rabbit IgG (Invitrogen), horseradish peroxidase-conjugated anti-
rabbit IgG antibody and TMB as the chromogenic substrate.

2.3. Ca binding activity assay of transgenic silk fibroin

The Ca binding activity of transgenic silk fibroin in aqueous
solution was examined by modifying previous methods [33,34].
The experiment was started by adding 1.5 ml of 100 mM CaCl2

solution to a mixture of 1.5 ml of 100 mM NaHCO3 (pH 8.7) and
300 ll of the transgenic silk fibroin (10 mg ml�1). CaCO3 precipita-
tion from the mixture of CaCl2 solution and NaHCO3 solution is
prevented by the presence of transgenic silk fibroin. Since CaCO3

has an absorption maximum at 570 nm, the rate of CaCO3 precipi-
tate formation can be monitored as the adsorption at 570 nm using
a V-530 type UV–vis spectrometer (Jasco Inc., Japan). This CaCO3

precipitation experiment is sensitive to pH and pH increases with
time. Therefore, fresh NaHCO3 solution (pH 8.7) was prepared in
order to maintain the pH of the solution at 8.7. The Ca binding
activity of native silk fibroin was also examined under the same
experimental conditions.

X-ray photoelectron spectroscopy (XPS) was performed in order
to obtain direct evidence of transgenic silk fibroin binding to Ca.
Twenty microliters of an aqueous solution of transgenic silk fibroin
was dropped on PVDF membrane (Bio-Rad, Tokyo, Japan), and the
membrane immersed in a 1 mg ml�1 CaCl2 solution and then
rinsed three times with 50% ethanol. The surface of the membrane
was observed using a ESCA model 5400 (Ulvac PhaiI, Tokyo, Japan)
with a MgKa source. The XPS images were recorded at a 45� take-
off angle for the photoelectrons. The pass energy was 71.55 eV for
narrow mode observations. XPS observations were also performed
for native silk fibroin under the same experimental conditions as a
comparison. In addition, complementary experiments were per-
formed using Von Kossa staining for membranes with adsorbed
silk protein prepared as above as follows. The membranes were
immersed in 1% AgNO3 aqueous solution for 40 min under UV irra-
diation and then rinsed in distilled water. They were then im-
mersed in 3% Na2S2O3 aqueous solution for 5 min and rinsed in
distilled water. An image of the membrane was obtained with an
Epson ES 8500scanner.

2.4. Scaffold preparation

Salt/water-derived transgenic silk fibroin porous scaffolds were
prepared according to a previous method [35]. Briefly, salt particles
were sieved through 300 and 500 lm meshes and packed into a
plastic syringe. After the syringe had been filled with a 20 mg ml�1

aqueous solution of transgenic silk fibroin the piston was de-
pressed as quickly as possible to avoid a conformational change
from random coil to b-sheet [35]. Air in the syringe was carefully
eliminated. After the aqueous solution had been allowed to stand
for 24 h silk/salt composites formed. These were immersed in dis-
tilled water to remove the salt. In order to observe the inner parts
of the porous scaffolds a slice of the frozen scaffold was prepared
using a razor blade. The pore shape and size in the slice was ob-
served by scanning electron microscopy (VE-7800, Keyence, Osaka,
Japan) at 1.2 keV. The average pore size was 425 lm.

2.5. Implantation to repair femoral defects

Japanese white rabbits (body weight 3.1 ± 0.2 kg, n = 12) were
purchased from Japan SLC (Shizuoka, Japan). The rabbits were al-
lowed free access to food and water ad libitum and were main-
tained under a 12 h light/dark cycle (lights on 8:00–20:00) at
23 ± 1 �C at 60 ± 10% humidity for 2 weeks before use. All rabbits
were maintained and used in accordance with the guidelines for
the Care and Use of Laboratory Animals of Nihon University School
of Dentistry at Matsudo (08-0045). The rabbits were randomly as-
signed to one of three treatment groups. In Group I the defects
were left empty (no implant control); in Group II the rabbits re-
ceived silk scaffolds developed using native silk fibroin (native-
SS); in Group III the rabbits received silk scaffolds developed with
transgenic silk fibroin (trans-SS). Bone healing was monitored by
radiography. The left femurs of the rabbits were scanned and four
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samples from each group were obtained after the animals were
killed. All rabbits were injected intravenously with 25 mg kg�1

sodium pentobarbital (Somnopentyl�, Kyoritsu Seiyaku, Tokyo,
Japan). While the rabbits were under anesthesia the medial epicon-
dyles of bilateral femurs were damaged (depth 6.0 mm) through
the cortical bone surface into the cancellous bone, using an implant
drill (diameter 3.6 mm, trephine bur, Micro Technology Co., Tokyo,
Japan) along with physiological saline cooling (Fig. 2a). Fig. 2b
shows a micro-CT image of the bone before it was damaged. Three
left femoral defects were randomly filled with implant materials.
After surgery each rabbit received an intramuscular injection of
50 mg kg�1 sodium ampicillin (Viccillin�, Meiji, Tokyo, Japan).
The rabbits were then returned to their cages and allowed to move
freely. All wounds healed gradually. The rabbits were active and
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without complications after surgery. A micro-CT system (Rigaku-
mCT�, Tokyo, Japan) was used to examine the bones at 4 and
8 weeks after surgery, following which the rabbits were killed. His-
tological analysis was performed at 8 weeks.

2.6. Micro-CT

Quantitative analysis of the images of the newly grown bone
was performed using an in vivo micro-CT system. After the rabbits
were deeply anesthetized with intraperitoneally injected sodium
pentobarbital (25 mg kg�1) the rabbits were placed on the object
stage one at a time. Rabbit femurs were scanned using a micro-
CT system with an X-ray source of 90 kV per 88 lA at 4 and
8 weeks after surgery. Imaging of the rabbit femur was then per-
formed over a full 360� rotation, with an exposure time of 2 min.
An isotropic resolution of 30 � 30 � 30 lm voxel size was selected,
which displayed the microstructure of the rabbit femora distal
cortical bone and cancellous bone. The original three-dimensional
(3-D) images were displayed and analyzed with I-View� software
(J. Morita, Kyoto, Japan).

2.7. 3-D bone analysis for bone mineral content (BMC) and bone
quantity (BV/TV)

The 3-D bone architecture at the femoral metaphysis was
reconstructed and the structural indices of the femoral implant
areas were calculated using a morphometric program (TRI/3D-
BON, Ratoc System Engineering, Tokyo, Japan). A threshold value
of 100 was used on the basis of previous studies [36,37]. In the
3-D analysis total volume (TV, cm3), bone volume (BV, cm3), and
bone mineral content (BMC, mg) of the cancellous bone formed un-
der the cortical bone were measured directly. The analyzed TV was
measured in area of /2.5mm, 2.5mm-height around defects. Volu-
metric density (BV/TV, %) was calculated from the BV and TV val-
ues. Among those indices, BV/TV (%) was evaluated in order to
quantify the amount of new bone. All results are expressed as
means ± SD. Data were analyzed using one-way ANOVA, followed
by post hoc tests for pair-wise comparisons (Tukey’s test). Differ-
ences were considered to be significant at P < 0.05.

2.8. Histological analysis

Rabbits were killed under anesthesia, using heart perfusion
with physiological saline and 10% neutral formalin buffer solution,
pH 7.4 (Wako, Tokyo, Japan), 8 weeks after surgery (three rabbits
from each group). The specimens were fixed with 10% formalin
for 72 h, decalcified in 10% EDTA (0.1 M phosphate buffer, pH
7.4) for 5 weeks, embedded in paraffin, and cut into 4 lm thick sec-
tions. The sections were stained with haematoxylin and eosin
(H&E) and photographs were taken and evaluated under a light
microscope.

2.9. 13C CP/MAS NMR measurements

13C CP/MAS NMR experiments on transgenic silk fibroin and na-
tive silk fibroin scaffolds were performed in a Bruker DSX-400
Avance spectrometer with an operating frequency of 100.0 MHz
for 13C.

The sample spinning rate was 7 kHz and mixing time was 2 ms.
30,000 scans were performed with a recycle delay of 3 s. The 13C
chemical shifts were represented relative to tetramethylsilane.
3. Results

3.1. Gene construction and expression of transgenic silk fibroin

A transformation vector, piggy Bac-3xP3 DsRed-H pro-
(AGSGAG)4E8, was designed to produce recombinant fibroin
that contained the fused gene with silk fibroin H-chain cDNA,
(AGSGAG)4E8 and GFP sequences (Fig. 1b and c). Insertion of the
plasmids was confirmed by digestion with BamHI and BglII.
Fig. 3a shows the results of electrophoresis through a 1.5% agarose
gel; pET30a-(AGSGAG)4E8-Linker (lane 2), BglII digation of pET30a-
(AGSGAG)4E8-Linker (lane 3), pHC-(AGSGAG)4E8-EGFP (lane 4),
pBac [3xP3-EGFP afm]_pHC-(AGSGAG)4E8EGFP (lane 5), and pBac
[3xP3-DsRed afm]_pHC-(AGSGAG)4E8EGFP (lane 6). They were
5500 and 500 (lanes 2 and 3), 870 (lane 4), and 2550 bp (lanes 5
and 6), respectively. These sizes were verified using PCR markers
(lane 1). The DNA sequence was verified using a DNA sequencer.
To construct transgenic silkworms, plasmid DNA was injected into
550 pre-blastodermal eggs of the w1-pnd strain (Fig. 1d). Trans-
genic insects were screened for expression of DsRed in the stem-
mata of G1 embryos using a fluorescence microscope equipped
with a filter set for DsRed. GFP fluorescence was observed in the
posterior region of the silk gland and also in the cocoons
(Fig. 1e). GFP fluorescence in the lumen of the silk gland and also
in the cocoon indicates that the fused silk fibroins were produced
in the silk gland, secreted into the lumen, and expelled into the
cocoon, although the number of Ca binding sequences in the pro-
duced silk fibroin is small [32]. No fluorescence was detected in
other tissues at any stage or in the silk glands of native silkworms.

The results of Western blotting for transgenic silk fibroin are
shown in Fig. 3b. Western blotting using anti-GFP antibody exclu-
sively detects GFP-tagged sequences in lane 2. The molecular
weight of the sequence is expected to be 64 kDa, i.e. the sum of
37 kDa for (AGSGAG)4E8 and 27 kDa for GFP. The band detected
was about 80 kDa, which was slightly higher than the expected
value. A similar tendency has been observed in previous work on



Fig. 3. (a) The results of the digestion analysis. Lanes 1, PCR markers; lane 2,
pET30a-(AGSGAG)4E8-Linker; lane 3, BglII digation of pET30a-(AGSGAG)4E8-Linker;
lane 4, pHC-(AGSGAG)4E8-EGFP; lane 5, pBac-[3xP3-EGFPafm]_pHC-(AGS-
GAG)4E8EGFP; lane 6, pBac-[3xP3-DsRed afm]_pHC-(AGSGAG)4E8EGFP. (b) Western
blotting analysis of transgenic silk fibroin using anti-GFP antibody. Lane1, silk
fibroin from native silkworm; lane 2, transgenic silk fibroin from transgenic
silkworm; lane 3, GFP protein. The arrow shows the fibroin H-chain(AGSGAG)4E8-
GFP fusion protein.

Fig. 4. Time dependencies of the peak intensity 570 nm absorbance of the aqueous
solutions containing 1.5 ml of 100 mM NaHCO3 (pH 8.7) and 0.3 ml (10 mg ml�1) of
native silk fibroin solution. (A) Green line, transgenic silk fibroin. (B) Red line, after
addition of 1.5 ml of 100 mM CaCl2 (pH 8.7). A similar experiment without silk
fibroin was performed as a control.
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transgenic silk fibroin [32] and (AGSGAG)4E8 produced by E. coli
[28]. Takano et al. reported that the molecular weight tends to
be slightly higher when the protein has a relatively high content
of negatively charged amino acids [38]. The extra band around
27 kDa in Fig. 3b was thought to be due to an N-terminal domain
fragment including the GFP tag removed during preparation of
the silk fibroin solution.
Fig. 5. (a) Narrow mode XPS Ca 2p spectra of transgenic silk fibroin (brown line) or
native silk fibroin (blue line) adsorbed on membrane after immersion in CaCl2

solution. The intensity of the C 1s peak. was used as a reference. (b) Von Kossa
staining of transgenic silk fibroin or native silk fibroin adsorbed on membrane after
immersion in CaCl2 solution. (For interpretation of the references to colours in this
figure legend, the reader is referred to the web version of this paper.)
3.2. Ca binding of transgenic silk fibroin

The inhibitory effect on the production of CaCO3 is higher for
transgenic silk fibroin compared with native silk fibroin (Fig. 4). This
was expected due to the presence of poly-glutamic acid regions in
the silk fibroin. However, this is indirect evidence. Therefore the
following experiment was carried out to obtain direct evidence.

The element composition of transgenic silk fibroin adsorbed on
the surface of a membrane after immersion in CaCl2 solution was
determined by XPS measurement, as shown in Fig. 5a. Two broad
peaks, Ca 2p 3/2 (326.7 eV) and Ca 2p 1/2 (350.0 eV), were ob-
served, characteristic of the presence of the Ca. The two peaks were
also observed for silk fibroin, but the peak intensities were very low.
Quantitative analysis of the intensities of the Ca 2p peaks was per-
formed relative to the intensity of the C 1s peak. The intensity ratios
Ca 2p/C 1s were 0.0134 for transgenic silk fibroin and 0.0031for na-
tive silk fibroin, respectively. These results indicate that the trans-
genic silk fibroin had a higher Ca binding activity than native silk
fibroin. The higher Ca binding activity of transgenic silk fibroin
compared with native silk fibroin was also shown by Von Kossa
staining (Fig. 5b). Stronger staining was observed for the transgenic
silk fibroin. Thus the introduction of poly-glutamic acid into silk
fibroin in transgenic silkworms clearly promotes Ca binding.
3.3. Micro-CT examination and 3-D images

Typical micro-CT images of defects during the repair process are
summarized in Fig. 6. Arrows indicate the positions of the initial de-
fects. The white area in the X-ray images (left) shows mineralized
bone, while the bright area in the micro-CT images (right) shows
osteoid and bone. Comparing the images 4 and 8 weeks after surgery
it can be seen that the brightness of the defect areas in Group III
(trans-SS) increased gradually, indicating that new bone was being
formed. In Group III the new bone began forming throughout the af-
fected area 4 weeks after surgery, following which bone formation
was rapid. Until 4 weeks after surgery the defect areas in all groups
had similar depressions in the outer zones. After 8 weeks a depres-
sion in the cortical bone was observed in the defects of Group I but



Fig. 6. Typical micro-CT images of defects during the repair process (a) 4 and (b) 8 weeks after surgery. The X-ray image (left) and micro-CT image (right) at 4 weeks are
shown for Group I (a1 and a2), Group II (a3 and a4) and Group III (a5 and a6). The images at 8 weeks are also shown for Group I (b1 and b2), Group II (b3 and b4) and Group III
(b5 and b6). The position of the defect is indicated by the arrow. Scale bar 5.0 mm.
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not in the defects of Groups II and III. Groups II and III showed corti-
cal-like bone in the outer zones and cancellous-like bone and irreg-
ular loosely connected bone tissue within the defect center.

3.4. BMC and BV/TV analyses

Fig. 7 shows quantitative analyses of the micro-CT images. The
bone mineral content (BMC) is an indicator of the amount and min-
eralization of newly formed bone. 4 weeks after surgery the BMC
(mg) in Groups I–III were 0.63 ± 0.23, 0.30 ± 0.05, and 1.36 ± 0.47,
respectively, and after 8 weeks 1.64 ± 0.25, 2.05 ± 0.43, and
2.41 ± 0.28, respectively. Thus, with increasing time BMC increases
for all groups as was expected. There are significant differences be-
Fig. 7. Quantitative observations of bone formation using tomographic analysis. New bon
surgery. *P < 0.05 in comparison with Group II.
tween Groups II and III after 4 weeks (P < 0.05). BMC clearly in-
creases for Group III compared with Group II 4 weeks after surgery.

The quantity of new bone (BV/TV) in each group after 4 and
8 weeks is shown in Fig. 7b. BV/TV is an indicator of the relative
amount of bone formed. 4 weeks after surgery BV/TV (%) in Groups
I (control), II (native-SS), and III (trans-SS) were 6.9 ± 2.0, 4.4 ± 1.3,
and 14.7 ± 5.3, respectively. 8 weeks after surgery BV/TV (%) in
Groups I–III were 16.7 ± 3.1, 17.6 ± 3.6, and 18.7 ± 2.9, respectively.
Thus, the BV/TV of trans-SS (Group III) was significantly higher
after 4 weeks compared with that of native-SS (Group II)
(P < 0.05). These result shows that defects treated with trans-SS
(Group III) developed rapidly, with new bone being formed, com-
pared with native-SS (Group II).
e quantity, BMC (a) and BV/TV (b) of each group at 4 (white) and 8 weeks (grey) after
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3.5. Histological analysis (H&E staining)

The photomicrographs of H&E stained cross-sections of the
femoral medial epicondyle bone defect sites of all groups 8 weeks
after surgery are shown in Figs. 8 and 9. New bone formation was
Fig. 8. Photomicrographs of H&E stained cross-sections through the femoral medial epico
III (e, f). Expanded photomicrographs, (b), (d) and (f), are shown. These were selected fr

Fig. 9. Photomicrographs of H&E stained cross-sections at the surface of Group II (a)
infiltrating granulation tissue cells; asterisk, silk fibroin scaffold.
observed in defects with no implant (Group I) in the outer zone
(marked area in Fig. 8a) after 8 weeks. No bone formation was ob-
served inside the defects and there was a depression in the surface
layer in Group I (Fig. 8a). This result corresponds to the depression
of cortical bone seen in the micro-CT image (Fig. 6b2). Fig. 8b
ndyle bone defect sites at 8 weeks of Group I (a and b), Group II (c and d) and Group
om the surface (yellow point) of the bone layers, (a), (c) and (e), respectively.

and Group III (b). Blue arrow, osteoblasts; white arrow, osteoclast; green arrows,



Fig. 10. 13C CP/MAS NMR spectra of (a) transgenic silk fibroin scaffold and (b) native silk fibroin scaffold, together with the assignments. Details of the experimental
conditions are given in the text.
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shows a magnified image of the outer zone seen in the area marked
in Fig. 8a. Neonatal bone in the outer zone was composed of woven
lamellar bone.

Defects treated with native-SS (Group II) and with trans-SS
(Group III) had similar histological appearances (Figs. 8c and d
and 9a (Group II) and Figs. 8e and f and 9b (Group III) at 8 weeks.
Scaffolds were slightly substituted by newly formed bone (Fig. 8c
and e). Granulation tissue invaded the silk fibroin scaffolds in
Groups II and III, indicating that the silk fibroin scaffolds were
phagocytosed by multinucleated cells and gradually absorbed, fol-
lowing which they were replaced by neonatal bone. New bone
within the defect center, which was cancellous-like but irregular,
because of repeated absorption and formation of bone, developed
in Groups II (Fig. 8c) and III (Fig. 8e). Fig. 8d and f shows a magni-
fied image of the outer zone marked in Fig. 8c and e, respectively.
Fig. 8d and f shows that the outer zone is comprised of new corti-
cal-like bone. No depression in the surface layer was observed be-
cause of volume maintenance by the silk fibroin scaffolds used in
Groups II and III. This is consistent with the micro-CT results in
Fig. 6b4 and b6, respectively.

The histology of the material surface in Groups II (Fig. 9a) and III
(Fig. 9b) was analyzed in more detail. Asterisks indicate the silk fi-
broin sponge, blue arrows osteoblasts, white arrows osteoclasts,
and green arrows infiltrating granulation tissue cells (Fig. 9a and
b). Cells were identified from their morphology. Osteoblasts are
mononuclear and lie along the periphery of bone during the forma-
tion of new bone. Osteoclasts are multinucleated giant cells.
Inflammatory cells are mononuclear and form granulation tissue
with fibroblasts. Photomicrographs show that osteoblast cells lay
along the margins of the silk fibroin scaffolds in Groups II
(Fig. 9a) and III (Fig. 9b). In the vicinity of the scaffold border both
groups developed osteoblast layers, which are generally found ran-
domly distributed with granulation tissue. These results indicate
that the silk fibroin scaffolds were osteoinductive. Osteoclasts were
also observed around the osteoblast layers. This indicates that neo-
natal bone formed around silk fibroin scaffolds through repetitive
remodeling by osteoclasts and osteoblasts.
3.6. Structures of transgenic silk fibroin and native silk fibroin scaffolds
in the solid state

Finally, the structures of both scaffolds samples were examined
by observing the 13C CP/MAS NMR spectra. The peak assignments
have already been reported [29]. The chemical shifts change
depending on the secondary structures of the protein in the solid
state and, therefore, these will be a marker of the structure.

Fig. 10 shows that there is no significant change in the 13C CP/
MAS NMR spectra, indicating no structural difference between
the two silk proteins scaffolds.
4. Discussion

The micro-CT results (Fig. 6b4 and b6) were confirmed by the
histological analysis results (Fig. 8c and e), which showed bone for-
mation in Groups II and III 8 weeks after surgery. These results
show that silk fibroin scaffolds provide adequate space and volume
for tissue organization because they prevent depressions forming
in the surface layer of a defect, however, Group II formed less bone
than Group I after 4 weeks (Fig. 7). Group III showed markedly fas-
ter bone formation in the earlier stages, while also preventing
depression formation. Previous studies have reported a need for
mineralization on silk fibroin scaffolds with repetitive hydrophobic
sequences for overall bone restoration in vivo [12]. Figs. 4 and 5
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showed that the transgenic silk fibroin developed here had a high
Ca binding activity in vitro because of the hydrophilic Ca-binding
sites genetically introduced into hydrophobic H-chain of silk fi-
broin. Fig. 7 indicates that the Ca binding sequence E8(AGSGAG)4,
transfected by transgenic engineering, promotes earlier osteogene-
sis through Ca binding (Figs. 4 and 5).

Fig. 9 indicates that neonatal bone formed through repetitive
remodeling, i.e. bone matrix lysis by osteoclasts followed by bone
formation by activated osteoblasts. Fig. 9a and b indicates that
both native-SS- and trans-SS-treated surfaces showed bone form-
ing activity by remodeling carried out by osteoclasts and osteo-
blasts. It is predicted that the genetically introduced Ca-binding
sites in trans-SS affect both the remodeling and mineralization
stages; osteoclasts adherent on the scaffold could lyse Ca-absorbed
trans-SS, with osteoblasts being activated, as observed in bone
remodeling. Activated osteoblasts on the trans-SS surface differen-
tiate and ossify with deposited Ca. As a result, trans-SS forms bone
earlier than native-SS because of its higher Ca binding activity
(Fig. 7).

Poly-glutamic acid sequences or poly-aspartic acid sequences
are present in HAP-nucleating proteins in native bone [16–26].
Focusing on this, Kim et al. prepared silk fibroin scaffolds by adding
poly-aspartic acid sequences and then exposing the scaffolds to
CaCl2 and NaHPO4. The CaP/silk composite scaffolds produced in
this manner had improved osteoconductivity. However, they
lacked the mechanical properties characterizing silks [10]. The
silk-like protein developed here has hydrophilic Ca-binding sites
that have been genetically introduced into the hydrophobic H-
chain of silk fibroin. This study has shown that the Ca binding
activities of genetically modified silk promotes early bone mineral-
ization and bone restoration. Another approach for earlier bone
regeneration is the acceleration of osteogenesis by supplying stem
cells. In many studies of silk-based porous scaffolds successful
bone repair has been achieved by providing bone marrow stem
cells [7–10,12,13]. These studies have shown that mesenchymal
stem cells (MSCs) can differentiate along an osteogenic lineage
and that silk fibroin scaffolds seeded with MSCs show earlier min-
eralization than scaffolds without MSCs. Future studies should ad-
dress the usefulness of our genetically modified silk scaffolds
seeded with human MSCs.
5. Conclusions

Genetically modified silk containing poly-glutamic acid sites for
mineralization was produced by transgenic silkworms. This silk
had a high Ca binding activity. Porous silk fibroin scaffolds con-
structed using the silk produced by transgenic silkworms was im-
planted in rabbits. Earlier mineralization and bone formation was
obtained with trans-SS than with native-SS. Thus, this study shows
the feasibility of trans-SS as a mineralization-accelerating material
for bone repair.
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