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Abstract

Silk scaffolds have been successfully used for a variety of tissue engineering applications due to
their biocompatibility, diverse physical characteristics, and ability to support cell attachment and
proliferation. Our prior characterization of 4-day postnatal rat tooth bud cells grown on
hexafluoro-2-propanol (HFIP) silk scaffolds showed that the silk scaffolds not only supported
osteodentin formation, but also guided the size and shape of the formed osteodentin. In this study,
interactions between human dental pulp cells and HFIP and aqueous based silk scaffolds were
studied under both in vitro and in vivo conditions. Silk scaffold porosity and incorporation of RGD
and DMP peptides were examined. We found that the degradation of aqueous based silk is much
faster than HFIP based silk scaffolds. Also, HFIP based silk scaffolds supported the soft dental
pulp formation better than the aqueous based silk scaffolds. No distinct hard tissue regeneration
was found in any of the implants, with or without additional cells. We conclude that alternative
silk scaffold materials, and hDSC pre-seeding cell treatments or sorting and enrichment methods,
need to be considered for successful dental hard tissue regeneration.
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INTRODUCTION

Studies on tooth regeneration have been performed for decades, and numerous approaches
have been investigated. However, it remains uncertain which methods will be most useful
for dental tissue regeneration. Promising results include the formation of dentin-like tissue in
implants consisting of dental pulp stem cells (DPSCs) and hydroxyapatite/tricalcium
phosphate (HA/TCP) powder as a carrier vehicle}:2. Comparison of DPSCs grown on three
types of 3-dimentional (3D) scaffolds - HA/TCP, Titanium, and collagen — revealed that
limited amounts of hard tissue were detected only in the HA/TCP implants, and not in the
two other types of implants3. Another promising approach reported the formation of
recognizable tooth structures, containing organized enamel, dentin, and a well-defined tooth
pulp, in constructs containing Polyglycolate/poly-L-lactate (PGA/PLLA) or poly-L-lactate-
co-glycolate (PLGA) scaffolds seeded with dissociated postnatal rat and pig tooth bud
derived dental epithelial (DE) and dental mesenchymal (DM) cells#-8. Similar results were
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also achieved using DE and DM cells seeded in Collagen sponge constructs’, where well
organized, but very small tooth-like structures were formed. Currently, we are working on
approaches that support the regeneration of dental tissues and whole teeth of specified size
and shape. This report continues our characterization of scaffolds for dental tissue
engineering applications, using scaffolds fabricated by silk fibroin (SF) extracted from silk
produced by the Bombyx mori (B mori) silkworm, which has been studied in cell culture and
tissue engineering for more than 10 years8. SF contains alanine and glycine amino acid
repeat structures that readily form the B-sheet crystals responsible for the remarkable
strength and toughness of SF°. SF is also biocompatible, biodegradable and non-toxic1®, and
has been shown to support the attachment, proliferation and differentiation of many cell
types. For these reasons, SF from B.mori silkworm is commonly used for the regeneration of
different tissues, including bonel112, cartilage®14, ligament1516, kidney!/, fat18, and
vascularl®,

In a previous publication, we seeded postnatal rat tooth bud cells onto 550 and 250 um pore
sized HFIP silk scaffolds, with and without incorporated Arginine-Glycine-Aspartic acid
(RGD) peptide. After 20 weeks of in vivo growth in the rat omentum, mineralized
osteodentin-like tissues were observed, and in particular, significantly more robust
mineralized tissues were found in silk scaffolds of larger pore size (550 versus 250 micron
diameter), and containing the RGD peptide. Our results also revealed that the size and shape
of the pore guided osteodentin formation, suggesting possible means to manipulate the size
and shape of bioengineered mineralized tissues??. No dental epithelial cells or enamel were
detected in any of these implanted constructs, despite that fact that both rat dental epithelial
and mesenchymal cells were used in the study, suggesting that silk may not be a desirable
material for enamel cell growth and differentiation under the conditions used in the study.
Based on our previous results, here we report results of the influence of silk scaffolds of
even larger pore size (1000 um) on bioengineered tissue formation by adult human dental
pulp cells (hDPSCs).

MATERIALS AND METHODS

Cell isolation

Human adult dental pulp cells (DPSCs) harvested from a 3" molar tooth of a de-identified
16-year old African American female were used in this study. Briefly, the tooth was
extracted by a trained clinician at the Tufts School of Dental Medicine, as recommended,
following approved protocols. The extracted tooth was split in half using a vice, and the
dental pulp was carefully removed from the dental chamber. The isolated dental pulp was
minced and digested using 0.3 mg/mL collagenase type | and 0.4 mg/mL dispase, and single
cell suspensions were obtained by filtration using a 40 um cell sieve. Isolated DPCs were
cultured in dental pulp medium (DMEM/F12 with 10% FBS, 1% GlutaMAX, 50 pug/ml
ascorbic acid, and 1% penicillin/streptomycin/amphotericin (PSA), expanded to passage 3
(P3), and cryopreserved until use.

Bone aspirate from an 18 year old African American male was purchased from Poietics Cell
Systems of Lonza Walkersville Inc. (Walkersville, MD). Bone marrow cells (BMCs) were
separated by centrifugation, and expanded in DMEM supplemented with 10% FBS, 1% Non
essential amino-acids, 1 ng/mL bFGF, and 1% penicillin/streptomycin, and cryopreserved
until use.

Silk scaffold preparation

The silk scaffolds were fabricated using fibroin extracted from B. mori silkworm cocoons in
0.02-M NayCOs3, dissolved in a 9.3-M LiBr solution, and dialyzed using distilled water. Silk
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scaffolds with average pores sized 500 um or 1000 um were fabricated either by the
hexafluoro-2-propanol (HFIP) or aqueous process. For HFIP based silk scaffolds, the silk
fibroin aqueous solution was freeze-dried and dissolved in HFIP (17%). For aqueous silk
scaffolds, 6% silk fibroin solution was used to generate silk scaffolds with 500 um pore
sizes, and 8% silk fibroin solution was used to fabricate silk scaffolds with 1000 um pore
sizes. Granular NaCl particles either 500-600 pm, or 1000-1180 pum in diameter, were then
added to the appropriately prepared water and HFIP based silk fibroin solutions in Teflon
cylinder containers.

The salts were leeched out of the scaffolds by immersion in water. Next, RGD peptide, [H]-
Gly-Arg-Gly-Asp-Ser-[OH] or dentin matrix protein-1 (DMP-1) peptide, [H]-GIn-Glu-Ser-
GIn-Ser-Glu-GIn-Asp-Ser-[OH] was incorporated onto the scaffolds by soaking the
scaffolds for 3 hours in 1 mg/mL peptide solution. In summary, eight different silk scaffolds
were fabricated: 1-2) HFIP fabricated, 500 um and 1000 pore sized silk scaffold with RGD;
3-4) aqueous fabricated, 500 and 1000 um pore sized silk scaffolds with RGD; 5-6) HFIP
fabricated, 500 and 1000 um pore sized silk scaffold coupled with DMP-1 peptide; 7-8)
aqueous fabricated 500 and 1000 mm pore sized silk scaffolds coupled with DMP-1 peptide.
Fabricated silk scaffolds were cut to standard size (5mm x 3mm x 3mm), sanitized in 70%
ethanol overnight, washed with phosphate buffered saline (PBS), and soaked in DMEM
medium overnight until use.

In vitro evaluation of human DPSCs and BMSCs on silk scaffolds

Human DPCs and BMCs were seeded onto sterilized HFIP and aqueous based 1000 um
RGD silk scaffolds as follows. For each scaffold, 4.5x10° cells were mixed with 100 pl
Collagen | (Cat No. 354249, BD bhiosciences, Bedford, MA) and evenly distributed onto
suction-dried scaffolds, using a 200 pl pipette. The cell-seeded scaffolds were incubated at
37°C for 1 hour, and cultured in osteogenic medium (DMEM/10% FBS/1% Non essential
amino-acids/100 nM Dexamethasone/10 mM beta Glycerol phosphate/0.05 mM Ascorbic
acid/1% Pen-Strep) supplemented with 1ug/ml Calcein (C0875, Sigma, St. Louis, MO).
Two types of negative control samples were used in this study, 1) scaffolds alone without
cells cultured in the osteogenic medium with Calcein, and 2) cell-seeded scaffolds cultured
in the osteogenic medium without Calcein. At weekly intervals, Calcein incorporation and
fluorescence was measured using a SpectraMax® M2/M2e Microplate Reader (Molecular,
Sunnyvale, CA) with well-scanning set to measure 9 areas per well. For each condition, six
samples were assessed. Fluorescent images were documented using a Zeiss Axiophot
(Stuttgart, Germany) digital camera at 1 day, 3 weeks and 6 weeks of culture.

In vivo implantation

All animal experiments were performed under the guidance and approval of the Institutional
Animal Care and Use Committee (IACUC) of Tufts University. NIH guidelines for the care
and use of laboratory animals (NIH Publication #85-23 Rev. 1985) have been observed.
Human DPCs were cultured in pulp medium with osteogenic supplements (100 nM
Dexamethasone, 10 mM beta glycerol phosphate, and 50 pg/ml Ascorbic acid) for 10 days,
and seeded onto scaffolds as described for the in vitro study, and cultured overnight before
transplantation. Experimental and control replicate samples were transplanted
subcutaneously into four week old nude rat hosts (NIH-Foxn1, Charles River, Wilmington,
MA), and collected after 6, 18, and 25 weeks. All of the eight different types of fabricated
silk scaffold were evaluated in vivo study, with 3 experimental and 2 control samples
collected at each of the above three developmental times.
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Histological analyses of harvested silk scaffold implants

Harvested experimental and control constructs were fixed, embedded in paraffin, and
sectioned. For histological evaluation, sections were stained with Hematoxylin and Eosin
(H&E) staining. Silk degradation and blood vessel formation were evaluated on the samples
collected at 6 weeks. The degradation of HFIP based silk scaffolds was measured as
previously described, based on our ability to image HFIP based silk material using a
polarized light filter20. Water- based silk implants were imaged using normal bright field
microscopy. For each implant, four cross-sections were selected and analyzed, and blood
vessel formation was evaluated on two center sections. In order to evaluate the entire area of
each section, four 100X digital images of each were evaluated for blood vessels greater than
10 um in diameter.

Statistical analysis

RESULTS

Data were analyzed with statistically significant values defined as p<0.05 based on one-way
analysis of variance (ANOVA).

Cell isolation and silk scaffold preparation

After cryopreservation, both human DPCs and BMCs retained their typical mesenchymal
spindle shaped cell morphology with elongated cell body (Fig. 1). Under bright field
microscopy, no significant differences were detectable between HFIP and aqueous based
silk scaffolds, or between the scaffolds incorporated with RGD or DMP-1. Pore size
difference was easily detected (Fig. 2).

In vitro evaluation

Although no scaffolds appeared fluorescent after 1 day, after three weeks of in vitro culture,
distinct Calcein containing calcified nodules were found in all hDPSC and hBMSC cell-
seeded samples, with corresponding and strong fluorescence (Fig. 3). No fluorescent signal
was detected in scaffolds cultured in Calcein-free media, while fluorescent signals were
detected in Calcein cultured non-cell-seeded HFIP and aqueous based silk scaffolds after 6
weeks in vitro culture (Fig. 4). Although the fluorescent Calcein signal appeared to increase
over time in cell-seeded scaffolds, for reasons that are not clear, no detectable increase was
indicated from the spectrophotometer readout data (data not shown).

In vivo implantation

None of the host animals showed any unfavorable reaction to the implants. Implants were
clearly noticeable under skin after six weeks implantation (Fig. 5A). After 18 weeks, only
HFIP based implants were readily observed (Fig. 5B), and after 25 weeks of subcutaneous
transplantation, none of the silk scaffold implant sites were detectable under the skin (Fig.
5C), despite the fact that harvested HFIP based silk scaffolds appeared to retain their basic
size and shape after 25 weeks in vivo culture (Fig. 5D). It was very difficult to locate the
aqueous silk scaffolds during sample collection (Fig. 5D). It was surprising to find that no
calcified tissues were found in any of the experimental cell-seeded or control non-cell-
seeded implants after 6 weeks of in vivo culture. In contrast, clear differences in the
degradation characteristics of HFIP and aqueous based silk scaffolds were observed. No
obvious degradation was detected in HFIP based silk scaffolds, and most of the scaffold
pores retained their original size and shape, and contained ingrown tissues. Significant tissue
ingrowth was also observed in aqueous based silk scaffolds, although cell-seeded and non-
cell-seeded water-based scaffolds exhibited significant degradation over time, as the
degraded silk fragments appeared to lose their sharp edges and became round and smooth.
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The aqueous based silk implants were also filled with newly formed fibrous tissues, but
most pores appeared to be collapsed. Comparatively, after 6 weeks, the remaining volume of
aqueous based silk implants appeared to be approximately half that of HFIP based silk
implants (Fig. 6). Statistical analysis confirmed that the HFIP based silk scaffolds degraded
more slowly than aqueous based silk scaffolds, with or without seeded cells (P<0.05). No
significant differences were found between cell-seeded and non-cell-seeded scaffolds
(P>0.05) (Tab. 1). Blood vessel formation quantification also revealed no significant
difference between cell seeded aqueous and HFIP based silk implants (P>0.05), or between
cell-seeded and non-cell- seeded HFIP- or aqueous- based silk implants (P>0.05) as shown
in Table 2. Although degradation of both water and HFIP based scaffold in vivo implants
was observed after 18 weeks, significant degradation was only observed in the HFIP based
implants after 25 weeks. At 18 weeks, no noticeable difference was observed between cell-
seeded and non-cell-seeded HFIP implants. Polarized light microcopy revealed increased
formation of organized collagen in HFIP based as compared to aqueous based implants (Fig.
7).

DISCUSSION

It is well recognized that the proper selection of scaffolding material is essential to support
the attachment, proliferation, and differentiation of seeded cells, and to provide easy
manipulation for various tissue engineering applications. Scaffold porosity is required to
allow efficient cell migration throughout the scaffold, and to guide cell attachment,
proliferation, and spreading?L. Pore size also plays an important role in scaffold degradation
rate, which also influences bioengineered and host tissue ingrowth. Scaffolds with
prohibitively small pore size achieve only limited cell migration and diffusion of nutrients,
but offer larger surface area for cell attachment. Scaffolds containing larger sized pores may
degrade faster, and may in turn benefit cell and tissue diffusion, at the expense of surface
area for optimal cell adhesion. Optimal pore size for various tissue engineering applications
is still under debate due to multiple conflicting reports22, and similarly, optimized pore size
for dental tissue regeneration has not yet been determined. Our previous published results
using rat postnatal dental stem cells indicated that increased mineralized osteodentin
formation occurred in silk scaffolds with larger pore size (550 versus 250 um diameter), and
furthermore, that larger pores appeared to guide the size and shape of bioengineered
osteodentin20, In contrast, the results shown here using human dental mesenchymal stem
cells, which compared, silk scaffolds with 500 um and 1000 um diameter pores,
demonstrated that although the scaffold pores appeared to support the formation of soft
tissue, no hard tissue was detected in any of the silk implants. In addition, no statistical
differences in silk scaffold degradation or blood vessel formation after 6 weeks of in vivo
growth were detectable between silk scaffolds of 550 versus 1000 um pore size diameter.

Published reports indicate that 3D porous silk scaffolds prepared from HFIP are commonly
used for bone regeneration?324. HFIP silk scaffolds are suitable for bone regeneration, since
the degradation rate of HFIP based silk is very slow, and therefore provides mechanical
stability and support for the bone defect site until new bone formation can occur. More
recently, aqueous-based silk scaffold fabrication preparation methods were developed,
providing scaffolds with similar morphology to the HFIP based silk scaffolds, but with
significantly faster degradation rates2°. Furthermore, aqueous based silk scaffold preparation
results in scaffolds that are more biocompatible and have been shown to provide enhanced
osteogenic differentiation as compared to the HFIP derived scaffolds?®. In addition to the
facts that aqueous based silk scaffolds are significantly more susceptible to proteolytic
hydrolysis and biocompatibility, they also appear to facilitate early stages of new bone
formation.
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In agreement, our results shown here also demonstrate that aqueous-based fabricated silk
scaffolds degraded much faster than the HFIP based silk scaffolds. Because of the high
degradation rate of aqueous-based silk scaffolds, the tissue surrounding the degrading
scaffold appeared to be newly formed, and therefore less mature. The use of silk protein
based materials for human applications has gained FDA approval, and has extensively been
used for both hard and soft tissue engineering applications?’. In addition to providing
suitable biocompatibility, silk fibroin proteins can be modified by carbodiimide coupling to
allow for the conjugation of additional molecules, such as growth factors26:28, to benefit
bioengineered tissue formation. RGD is a cell attachment peptide which is generally found
in some naturally formed silk but not in the domesticated silk8. RGD peptides can enhance
cell adhesion to biomaterials via integrin receptors, and thereby stimulate new tissue
formation2°. Our previous publication showed that RGD peptide improved mineralized
tissue formation on silk based scaffolds2%. To expand our earlier studies, here we also
examined the utility of DMP-1 containing silk scaffolds, based on the fact that this acidic
and phosphorylated extracellular matrix protein is expressed in odontoblast, predentin, and
dentin3C, and that loss of DMP-1 results in dentin anomalies, including partial failure of
predentin maturation into dentin, and hypomineralization3l. Enhanced osteo-integration was
also observed in DMP-1 pre-treated implants32. In this study, we compared mineralized
tissue formation by hDPSCs in RGD or DMP-1 incorporated silk scaffolds. Surprisingly, no
hard tissue formation was observed in either RGD or DMP-1 peptide containing silk
scaffolds. In addition, no significant different soft tissue formation was detected between
silk scaffolds with or without additional RGD or DMP-1 peptide motif.

We anticipate that appropriate interactions between the scaffold material and cells are
essential for tissue-specific regeneration. We have previously demonstrated that HFIP based
silk scaffolds can support osteodentin formation when seeded with primary cultures of 4dpn
rat tooth bud cells. However, for practical applications, it must be recognized that it is
difficult, if not impossible, to obtain early post-natal human tooth bud tissues for autologous
dental tissue regeneration in adults. The fact that stem cells have been isolated and
characterized from human postnatal dental tissues including dental pulp33-35, periodontal
ligament36:37_ and periapical follicle38, indicates that adult dental tissues may offer useful
cell sources for DSCs for dental tissue regeneration. An additional consideration is that
cryopreservation is necessary to preserve DSCs if suitable DSC banks are envisioned for
clinical applications for dental tissue engineering.

Surprisingly, in this study, no hard tissue formation was observed in any of the eight
different silk scaffold fabrications tested, despite that fact that significant calcified nodule
formation was observed in in vitro cultured DSC-silk scaffold constructs. Our results
correlate well with other published reports339, which suggest that in vitro calcification is not
a sufficient indicator for in vivo conditions. Furthermore, immunohistochemical analysis by
human anti-human mitochondria antibody showed limited amount of positive cells
remaining in the implant even after 6 weeks transplantation. Our results highlight the need
for alternative human dental cell enrichment and scaffold selection, and also cell priming
and pre-treatment methods.

In contrast to our anticipation that silk scaffolds would exhibit utility in mineralized tissue
formation by human dental pulp derived cells, the results of this study suggest that silk
scaffolds seeded with human DSPs may be useful for soft tissue, dental pulp regeneration.
Dental pulp regeneration requires scaffold materials that can reliably support the
vascularization and innervations of pulp tissue. Although we did not observe any significant
difference in blood vessel formation between HFIP and aqueous based fabricated silk
scaffolds, we did observe that soft tissue formation in aqueous based silk scaffolds appeared
less organized and that newly formed collagen-containing ECM appeared less mature, and
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less organized, as compared to that of HFIP-based scaffolds. We conclude that HFIP based
silk scaffolds may provide a more suitable environment for soft dental pulp tissue generation
by adult DPSCs.

Calcein fluorescent staining has been widely used to indicate the live formation of calcified
nodules?%41, In this study, Calcein staining can clearly indicate mineralized nodule
formation. However, our readout of fluorescent signal under 3-D conditions is not correlated
with the actual signals. A reliable method needs to be developed to solve this problem.

CONCLUSIONS

In this study, we systematically investigated the in vitro and in vivo response of human
dental pulp cells to three-dimensional HFIP and aqueous based SF silk porous scaffolds of
varying average pore size, 500 and 1000 um diameter, with either RGD or DMP-1 peptide
protein modification. Our results demonstrated that all silk scaffolds were well tolerated by
host animals, whether they were cell-seeded or not. In addition, we found that although
neither scaffold type supported osteodentin formation as expected, HFIP based silk scaffolds
appeared to support soft tissue dental pulp formation better than the corresponding aqueous
based silk scaffolds. The lack of mineralized tissue formation in any of the in vivo implanted
cell-scaffold implants was surprising, based on our earlier published results, and despite the
fact that distinct calcified nodule formation was observed in in vitro cultured cell-scaffold
constructs. These results emphasize the fact that additional studies are required to determine
whether specific cell pretreatment protocols, or additional cell sorting methods, can be used
to facilitate both hard and soft tissue formation by hDPCS, for future dental tissue
regeneration applications.
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Figure 1. In vitro characterization of human DPSCs and BMSCs
A) Human dental pulp cells (DPSCs). B) Human bone marrow cells (BMSCs). Both types of
cells showed typical mesenchymal cells morphology. (Scale bar=200 pm).
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Figure 2. Characterization of HFIP and water based RGD and DMP-1 incorporated silk
scaffolds

A) HFIPfabricated, 500 um pore sized silk scaffold coupled with RGD. B) HFIP fabricated,
1000 um pore sized silk scaffold coupled with RGD. C) Aqueous-fabricated, 500 um pore
sized silk scaffold coupled with RGD. D) Aqueous fabricated, 1000 um pore sized silk
scaffold coupled with RGD. Scale bar=500 um. The scaffolds incorporated with DMP-1
peptide showed similar morphology as the scaffolds with RGD.
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Figure 3. Mineralized tissue formation in 3 week in vitro cultured, calcein containing silk
constructs

Calcified nodules formation using (A) bright field, and (B) fluorescent filter. (C) Merged A
and B images. (Scale bar = 500 pm).

J Biomed Mater Res A. Author manuscript; available in PMC 2012 June 15.



1dussnueln Joyny vd-HiN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Zhang et al. Page 13

HFIP
BMC DPC Control No-calcein

WATER
BMC DPC Control No-calcein

Figure 4. Calcein incorporation into in vitro cultured cell-seeded scaffold constructs

None of constructs cultured with Calcein appeared fluorescent after 1 day. In contrast, after
three and six weeks of in vitro culture, distinct fluorescence due to Calcein incorporation
were detected in all of the constructs, cultured with or without cells. No fluorescent signal
was detected in scaffolds cultured in Calcein-free media.
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Figure 5. In vivo human cell seeded-scaffold constructs implants

A) After 6 weeks in vivo culture, immediately before harvesting. Both HFIP and water-
based silk implants are noticeable under the skin. B) After 18 weeks in vivo culture,
immediately before collection. Only HFIP based silk implants are noticeable. C) After 25
weeks in vivo culture, immediately before sample collection. None of the implants are
detectable though the skin. D) When the skin is removed, HFIP based implants can be easily
located, while aqueous based implants are quite degraded and difficult to find. Black arrows
indicate HFIP based silk implant, and white arrow indicates aqueous based silk implant.
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Figure 6. Sectioned in vivo cultured silk implants after 6 weeks implantation
Most HFIP based, and all water based silk scaffold pores appear to be filled with soft tissue.
No hard tissues were detected. (Scale bar=100 pm).
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Figure 7. 25 week in vivo cultured silk implants. All photos were taken using polarized light
microscopy

A) HFIP fabricated, 1000 um pore sized silk scaffold coupled with RGD. Silk scaffold
material is highlighted. Collagen ECM appears mature and well organized. B) Aqueous
fabricated, 1000 um pore sized silk scaffold coupled with RGD. Aqueous-fabricated silk
scaffold material does not exhibit organized collagen fibers under polarized light
microscopy. (Scale bar=20 pum)
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Table 1

Silk degradation after 6 weeks in vivo culture.
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Table 2

Blood vessel formation in the implants after 6 weeks in vivo culture.
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