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Abstract

Three-dimensional porous scaffolds prepared from regenerated silk fibroin using either an all
aqueous process or a process involving an organic solvent, hexafluoroisopropanol (HFIP) have
shown promise in cell culture and tissue engineering applications. However, their biocompatibility
and in vivo degradation has not been fully established. The present study was conducted to
systematically investigate how processing method (aqueous vs. organic solvent) and processing
variables (silk fibroin concentration and pore size) affect the short-term (up to 2 months) and long-
term (up to 1 year) in vivo behavior of the protein scaffolds in both nude and Lewis rats. The
samples were analyzed by histology for scaffold morphological changes and tissue ingrowth, and
by real-time RT-PCR and immunohistochemistry for immune responses. Throughout the period of
implantation, all scaffolds were well-tolerated by the host animals and immune responses to the
implants were mild. Most scaffolds prepared from the all aqueous process degraded to completion
between two and six months, while those prepared from organic solvent (hexafluoroisopropanol
(HFIP)) process persisted beyond one year. Due to widespread cellular invasion throughout the
scaffold, the degradation of aqueous-derived scaffolds appears to be more homogeneous than that
of HFIP-derived scaffolds. In general and especially for the HFIP-derived scaffolds, a higher
original silk fibroin concentration (e.g. 17%) and smaller pore size (e.g. 100-200 pum) resulted in
lower levels of tissue ingrowth and slower degradation. These results demonstrate that the in vivo
behavior of the three-dimensional silk fibroin scaffolds is related to the morphological and
structural features that resulted from different scaffold preparation processes. The insights gained
in this study can serve as a guide for processing scenarios to match desired morphological and
structural features and degradation time with tissue-specific applications.

1. Introduction

Silks are naturally occurring fibrous proteins commonly produced by insects and spiders.
They exhibit a unique and useful combination of properties such as being degradable and
light weight with excellent mechanical and thermal properties [1-3]. In nature silks are used
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as materials for web construction and prey capture (spider webs), safety line (draglines) and
reproduction enclosures (cocoons) [1, 2, 4-9]. These features also relate to the use of native
silks as sutures, although they are being gradually replaced by synthetic polymers [6, 10—
14]. Beyond their traditional use as sutures, silk fibroin has been exploited as a biomaterial
for cell culture and tissue engineering in vitro and in vivo since mid-1990°s [15]. In early
studies, silk films prepared from native silkworm fibroin collected from glands of Bombyx
mori domestic silkworms and Antheraea pernyi wild silkworms were found to support the
attachment and proliferation of murine fibroblasts [16, 17]. Later reports showed that
regenerated silk films prepared by dissolving silkworm cocoon fibers in 9-9.5 M LiBr
supported the attachment and growth of human and animal cell lines [18, 19]. These studies
provided early clues to the utility of regenerated silk fibroin as a scaffold/matrix biomaterial
for cell culture and tissue engineering. Over the past decade, numerous studies have
explored regenerated silk fibroin-based biomaterials in various forms, including films,
membranes, mats, nets, hydrogels, and porous sponges for biomedical applications [15].

The in vivo behavior of biomaterials prepared from regenerated silk fibroin solutions has not
been fully demonstrated, despite the fact that the biocompatibility and degradation of silk
sutures, which are prepared from native silk fibers, has been well established [6, 15].
Previous studies showed that two-dimensional silk fibroin films have good biocompatibility
[6, 20-22]. Recent progress in processing techniques has yielded three-dimensional porous
silk fibroin scaffolds with control of morphological and structural features [23-25]. The
three-dimensional porous scaffolds have been prepared using either an all aqueous process
or a process involving organic solvent, hexafluoroisopropanol (HFIP) [23-25]. The promise
of the 3-dimensional scaffolds by themselves, or in combination with cells, for biomedical
applications has been demonstrated extensively in vitro and in vivo [15, 22, 26-42].
However, the in vivo degradation of these three-dimensional silk fibroin scaffolds has not
been systematically investigated.

The goal of the present study was to systematically examine the relationship between the
morphological and structural features of the silk fibroin three-dimensional scaffolds and
their biological reactions in vivo. Specifically, we were interested in assessing the effect of
scaffold processing variables (e.g., water vs. organic solvent), silk concentration, and pore
size on the short-term and long-term in vivo behavior. The study consisted of two stages.
Stage | was a short term (8 week) intramuscular implantation in nude and Lewis rats
designed to quickly obtain initial information on the role of immune system on the
degradation of the scaffolds derived from aqueous or HFIP processes. Based on the
information obtained from Stage I, a long term (1 year) Stage Il study was carried out using
scaffolds prepared from aqueous and HFIP processes with varying silk fibroin
concentrations and pore sizes and implanted subcutaneously in Lewis rats.. The samples
were analyzed by histology for morphological changes, and real-time RT-PCR and
immunohistochemistry for immune responses.

2. Materials and Methods

2.1 Preparation of three-dimensional silk fibroin scaffolds

Three-dimensional silk fibroin scaffolds were prepared from Bombyx mori silkworm
cocoons according to the procedures described in our previous studies [23-25, 41], as
summarized in a previous review [15]. Briefly, the cocoons were extracted in a 0.02M
Na,COg3 solution, dissolved in a 9.3M LiBr solution and subsequently dialyzed against
distilled water to obtain silk fibroin aqueous solutions at varying concentrations. To form the
aqueous-derived scaffolds, four grams of granular NaCl particles in varying size ranges
(106-212 pum, 500-600 um, and 850-1000 um) were directly added to 2 ml of a silk fibroin
aqueous solutions (6% and 10%) in Teflon cylinder containers and remained at room
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temperature for 24 hours. Then the containers were immersed in water to extract the salt
from the porous scaffolds for two days. To form the HFIP-derived scaffolds, the silk fibroin
aqueous solution was freeze-dried and then dissolved in HFIP (6% and 17%). Granular
NaCl particles in various size ranges (106-212 pm, 500-600 pum, and 850-1000 pum) were
then added and lyzed against water to obtain the scaffolds. Generally the pore size of the
resultant scaffolds was slightly smaller than the original size of the granular NaCl particles,
as evaluated by a LEO Gemini 982 field emission gun scanning electron microscopy (SEM)
[24]. For example, the pore size of scaffolds prepared using 500 to 600 um NaCl particles
was 550+30 um. In the following context, the scaffolds were grouped approximately by the
original size ranges of the NaCl particles (100-200 pm, 500-600 pm, and 850-1000 pm).
For in vivo evaluation, the scaffolds were cut into discs (5 mm in diameter and 2.5 mm in
thickness), dried in a fume hood, autoclaved, and kept in PBS before implantation.

2.2 Implantation of three-dimensional silk fibroin scaffolds

The evaluation of the three-dimensional silk fibroin scaffolds was carried out in two stages
(Table 1). The first stage of the study was a short (8 week) implantation aiming to obtain
initial information on the degradation of silk fibroin scaffolds prepared by the two different
processes, aqueous- and HFIP-derived silk scaffolds prepared with 6% silk fibroin solution
with the same pore size (500 to 600 um). These samples were implanted in muscle pouches
of athymic T-cell deficient RH-rnu and Lewis rats randomly (Stage | in Table 1). The
animals were sacrificed to retrieve the scaffolds for analysis 8 weeks after implantation.
Based on the information obtained from this first stage of study, aqueous-derived and HFIP-
derived silk scaffolds with varying concentrations of silk fibroin and pore sizes were
subcutaneously implanted in Lewis rats (Stage Il in Table 1). The combinations of
concentrations and pore sizes used in this study were selected based on previous studies [23]
and covered the processing windows of these two types of scaffolds.

All in vivo procedures were approved by the Tufts Cummings School of Veterinary
Medicine Institutional Animal Care and Use Committee. Buprenorphine (0.05mg/kg SQ)
and procaine penicillin (200,0001U/kg IM) were administered pre-surgically. In every case,
the rats weighing approximately 350 g were then maintained under general anesthesia using
inhalant isofluorane and oxygen. Animals were first positioned in dorsal recumbency and
the ventral abdomen was aseptically prepared for surgery. Four approximately 5 mm long
skin incisions were created (2 cranially and abaxial to the mid-line axis; 2 caudally and
abaxial to the mid-line axis) and the underlying subcutaneous tissue +/— muscle bellies were
divided to provide tissue beds for the implants. Following implantation, muscle bellies were
closed with size 3-0 absorbable suture. Skin was closed with metallic wound clips. Rats
were then repositioned in ventral recumbency, their backs were aseptically prepared for
surgery, and four additional implant sites were similarly created abaxial to the vertebral
column (2 cranial and 2 caudal). Carprofen (5mg/kg SQ) was administered as an analgesic
once daily for at least 48 hours post-surgery. Wound clips were removed under short acting
isoflurane inhalant anesthesia 7 days post-surgery. A total of 432 scaffolds were implanted
in a total of 56 rats with 8 scaffolds per rat for 48 rats and 6 scaffolds per rat for the other 8
rats (Stage Il in Table 1). All animals used in this study were male. The scaffolds were
implanted randomly in the animals.

Due to process limitations, aqueous-derived scaffolds with original silk fibroin solution at
concentrations higher than 10% were not obtainable, making it impractical to compare them
with HFIP-derived scaffolds at the same original silk fibroin solutions at the high end (e.g.
17 wt %) of the concentration range. The animals were sacrificed to retrieve the scaffolds at
2 weeks, 2 months, 6 months, and 1 year after implantation for analysis. No signs of
abnormality were observed during the gross examination of the animals and implants at the
time of the sacrifices.
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2.3 Sample Treatment and Total RNA Extraction, cDNA Synthesis, and Real-time RT-PCR

Analysis

Total RNA was extracted from tissue samples containing the scaffolds using an RNeasy
Mini Kit (Qiagen, Valencia, CA, USA) following the supplier’s instructions. Subcutaneous
tissue away from the implantation site was used as control. Briefly, the explanted samples
were trimmed of excessive peripheral tissue, cut into small pieces, homogenized in supplied
lysis buffer, and run through a QlAshredder spin column. Ethanol was added to the
homogenized lysate before the samples were purified by a RNeasy spin column. For PCR,
cDNA was synthesized from the total RNA using a High-Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA, USA) following the supplier’s instructions. The real-
time RT-PCR reactions were conducted and monitored with an ABI Prism 7000 Sequence
Detection System (Applied Biosystems). TagMan® Gene Expression assay Kits (Applied
Biosystems) were used for transcript levels of tumor necrosis factor alpha (TNF-a, reference
sequence NM_012675.2), interleukin-4 (IL-4, reference sequence NM_201270.1),
interleukin-6 (IL-6, reference sequence NM_012589.1), interleukin 13 (IL-13, reference
sequence NM_053828.1), and interferon-gamma (IFN-y, reference sequence
NM_138880.2). A 50 pl reaction with 5 pl of cDNA from each sample was mixed with 2.5
ul of the assays-on-demand kit, 17.5 pl of RNase/DNase free water, and 25 pl of 2x
TagMan® Universal PCR Master Mix (Applied Biosystems). Final data were analyzed by
ABI Prism 7000 Sequence Detection Systems version 1.0 software supplied by the vendor
(Applied Biosystems). The Ct value for each sample was defined as the cycle number at
which the fluorescence intensity reached a certain threshold where amplification of each
target gene was within the linear region of the reaction amplification curves. Relative
expression level for each target gene was normalized by the Ct value of TagMan® Rodent
housekeeping gene GAPDH using an identical procedure (2ACt formula, Perkin Elmer User
Bulletin #2). When analyzing the data, undetected levels were treated as 0. Each sample was
analyzed in triplicate.

2.4 Histology and immunohistochemistry

The samples harvested at different time points were washed in PBS, and fixed in 10%
neutral buffered formalin before histological and immunohistochemical analysis. Samples
were dehydrated through a series of graded alcohols, embedded in paraffin and sectioned at
5 pm thickness. For histological evaluation, sections were deparaffinized, rehydrated
through a series of graded alcohols, and stained with hematoxylin and eosin (H&E). For
immunohistochemical evaluation of macrophage invasion, sections were incubated with a
monoclonal antibody against rat macrophages and giant cells (ED1, Serotec, Raleigh, NC,
USA) and a horseradish peroxidase (HRP)-labeled secondary antibody. The samples were
processed with a BenchMark automated histology staining system (Ventana, Tucson, AZ,
USA). Sections were counterstained with hematoxylin. All sections were evaluated with a
Zeiss Axiovert S100 light microscope and a Sony Exwave HAD 3CCD color video camera.
The intramuscular pouch used during the first stage of the study was a more confined space
than the subcutaneous site used during the second stage of the study. Therefore, sections of
scaffolds implanted intramuscularly during the first stage of the study were used to estimate
the relative size of the remaining scaffolds based on the area occupied by scaffolds in these
sections using the Scion Image software.

2.5 Statistical analysis

All assays were repeated with a minimum of N=3. Data were analyzed with statistically
significant values defined as p<0.05 based on one-way analysis of variance (ANOVA).

Biomaterials. Author manuscript; available in PMC 2011 November 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

3. Results

Page 5

3.1 Intramuscular degradation of three dimensional silk fibroin scaffolds in nude and

Lewis rats

3.1.1 Morphology—During the first stage of the study, aqueous-derived and HFIP-
derived silk scaffolds in the same pore size range (500 to 600 pum) were implanted in muscle
pouches of nude and Lewis rats and harvested 8 weeks later. The purpose of this short
experiment was to obtain preliminary insight into the effects of different processes on
immune system responses related to the degradation of the three-dimensional silk fibroin
scaffolds. During the 8 weeks, the scaffolds were tolerated well by the host animals and no
abnormal conditions were observed based on gross analysis as well as histologically.

Scaffolds prepared by the two different processes showed clear differences in degradation
characteristics in vivo. Heavy tissue ingrowth occurred at the implantation site of the
aqueous-derived scaffolds. At 8 weeks, these scaffolds were completely infiltrated and
largely lost their structural integrity with most pores having collapsed (Fig. 1 A, B, E, and
F). As a result, the scaffolds shrank in total size when this pore structure was lost, when
compared to the original size prior to implantation (Fig. 1 I). This is more evident in Lewis
rats than in nude rats. After 8 weeks in vivo, the cross sectional area of the water-derived
scaffolds in Lewis rats was about 1/3 of that in nude rats (Fig. 1 K). In contrast, although
tissue ingrowth was also significant in the HFIP-derived scaffolds at 8 weeks, the scaffolds
were not completely infiltrated (Fig. 1 C, D, G, and H). There were still unfilled cavities,
especially in the center of the HFIP-derived scaffolds. Although tissue ingrowth changed the
size and orientation of some pores in the HFIP-derived scaffolds, the scaffolds were for the
most part still structurally intact in both Lewis and Nude rats at 8 weeks.

3.1.2 Immune response—The immune system played a significant role in the
degradation rate of the aqueous-derived scaffolds but did not show the same impact on the
HFIP-derived scaffolds. There was no significant difference between nude and Lewis rats in
the cross sectional area of the HFIP-derived scaffolds at the end of 8 weeks (Fig. 1 K).
Overall, the size of the aqueous-derived scaffolds was smaller than that of the HFIP-derived
scaffolds. The most significant difference between the two types of scaffolds appeared in
Lewis rats, where the cross sectional area of the aqueous-derived scaffolds was about 20%
of that of HFIP-derived scaffolds (Fig. 1 K). This difference reflects the dramatic difference
in the structural integrity of the two types of scaffolds (water vs. organic solvent processed)
and tissue ingrowth after 8 weeks in vivo (Fig. 1 A-H).

In Lewis rats, macrophages were present at the implantation sites of the HFIP-derived
scaffolds (Fig. 2 A) and aqueous-derived scaffolds (Fig. 2 B). Most macrophages detected at
the implantation sites of HFIP-derived scaffolds appeared in clusters (Fig. 2 A). Aqueous-
derived scaffolds appeared to be less resistant to macrophage degradation than the HFIP-
derived scaffolds (Fig. 2).

3.2 Subcutaneous degradation of three dimensional silk fibroin scaffolds in Lewis rats

3.2.1 Morphologies of scaffolds after short term implantation (up to 8 weeks)
—Based on the results of Stage I, Lewis rats were selected as the host for Stage I, a 1 year
investigation. The aqueous-derived scaffolds were quickly infiltrated upon implantation.
After two weeks in vivo, all aqueous-derived scaffolds prepared from 6% silk fibroin
solutions began to lose their structural integrity and were almost completely filled by
invading cells (Fig. 3 A and B). In contrast, aqueous-derived scaffolds prepared from a more
concentrated (10%) silk fibroin solution largely held their structural integrity (Fig. 3 C and
D). Despite significant tissue ingrowth, there were still unfilled pores in the aqueous-derived
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scaffolds prepared from 10% silk fibroin solution (Fig. 3 C and D). At the end of 8 weeks,
aqueous-derived scaffolds prepared from 10% silk fibroin solution still held structural
integrity to some degree and large remaining pieces of scaffold were morphologically
similar to those at the end of 2 weeks (Fig. 3 G and H).

All HFIP-derived scaffolds largely held their structural integrity within 8 weeks in vivo (Fig.
4). Similar to the case for aqueous-derived scaffolds, HFIP-derived scaffolds prepared from
more concentrated silk fibroin solutions had less initial tissue ingrowth as evidenced by
more unfilled pores especially toward the center of the scaffolds (Fig. 4). Pore size played a
significant role in tissue ingrowth in the HFIP-derived scaffolds during the early stages of in
vivo implantation. The HFIP scaffolds prepared from the most concentrated silk fibroin
solution (17%) with the smallest pore size (100 to 200 um) had the largest unfilled space at
week 2 and week 8 (Fig. 4). At the end of 8 weeks, most HFIP-derived scaffolds were still
not completely infiltrated, although tissue ingrowth generally progressed when compared to
2 weeks (Fig. 4).

3.2.2 Vascularization of scaffolds after short term implantation (till 8 weeks)—
As part of tissue ingrowth, vascularization was observed in both types of scaffolds at 2 and 8
weeks (Fig. 5). Histological evaluations did not reveal significant difference in
vascularization between the two types of scaffolds.

3.2.3 Morphologies of scaffolds after long term implantation (6 to 12 months)
—At the end of 6 and 12 months, 11 out of 12 aqueous-derived scaffolds prepared from 6%
silk fibroin solution completely degraded (Table 2). Only traces of the remains of one
aqueous-derived scaffold with 500 to 600 um pore size were found under a microscope at
high magnification at both timepoints (Fig. 6 A and B). Residuals of aqueous-derived
scaffolds prepared from a more concentrated (10%) silk fibroin solution were found in 4 out
of 6 samples at 6 months and 2 out of 6 samples at 12 months (Table 2). The number and
size of residuals of these scaffolds sharply diminished at the end of 12 months compared to
6 months (Fig. 6 C—F). At the end of 12 months, only very few small pieces were found
throughout the implantation sites (Fig. 6 E).

The HFIP-derived scaffolds lasted significantly longer than the aqueous derived scaffolds.
Remains of HFIP-derived scaffolds were found in all implantation sites at 6 and 12 months
(Table 2). Similar to the short term observations, the long term impact of pore size and
concentration of the original silk fibroin solution on the infiltration and structural integrity of
HFIP-derived scaffolds was exemplified by scaffolds prepared from the most concentrated
silk fibroin solution (17 wt%), especially those with smallest pore size (100 to 200 pm).
These scaffolds (17 wt% silk, 100 to 200 um pores) exhibited the best structural integrity
and worst tissue ingrowth among all scaffolds at the end of 6 months (Fig. 7 A). Even after 1
year in vivo, there were still many unfilled areas visible in these scaffolds (Fig. 7 B). In
contrast, most of other HFIP-derived scaffolds lost their structural integrity at 6 months (Fig.
7 C as an example). At the end of one year, most of these scaffolds were left with separate
small pieces, which sometimes were not easy to find (Fig. 7 D as an example).

3.2.4 Short term Immune response (up to 8 weeks)—Within the first 8 weeks, the
scaffolds were well tolerated by the host animals and no abnormal conditions were

observed. Signs of granulomatomous inflammation were visible adjacent to the scaffolds
based on the presence of multinucleated giant cells (Fig. 5 D) and macrophages (Fig. 8 A-
F). The initial immune response to the aqueous-derived scaffolds with different pore sizes
and original silk fibroin concentration was similar at 2 weeks (Fig. 8 A and B). Macrophages
invaded these scaffolds and started to concentrate around the individual scaffold pieces.
Signs of scaffold fragmentation were visible (Fig. 8 A and B). At the end of 8 weeks, the
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signs of degradation became more evident (Fig. 8 C and D). Among aqueous-derived
scaffolds, the degradation appeared to be more advanced in those prepared from lower
original silk fibroin concentrations (Fig. 8 A-D).

In the HFIP-derived scaffolds, macrophages invaded but clear signs of scaffold breakdown
were rare at the end of 2 weeks (Fig. 8 E). As shown earlier, these HFIP-derived scaffolds
were for the most part structurally intact after 2 weeks in vivo. At the end of 8 weeks, most
of these scaffolds still held their structural integrity; however, signs of degradation were
observable, although far less prevalent compared to the aqueous-derived scaffolds (Fig. 8 F).

At the end of 2 weeks, the expression of inflammation-related mMRNAs was generally very
low and remained local (Fig. 9). When normalized to the house keeping gene GAPDH, the
relative expression level was in the magnitude of 107 for TNF-a and 1L-6 mRNAs and
1076—107 for IFN-y mRNAs, which in some cases was not detectable (Fig. 9). The IL-4
and IL-13 mRNAs were barely detectable or not detectable at all at 2 weeks with the
average relative expression level in the range of 10771076 (Fig. 9). Given the extremely
low level, comparing expression levels for IFN-y, IL-4 and 1L-13 mRNAs between different
groups was not meaningful. For TNF-a and IL-6, there was no clear trend or difference
observed in their relative expression levels in HFIP-derived scaffolds at 2 weeks (Fig. 9).
Among aqueous-derived scaffolds, only scaffolds prepared from 10% silk fibroin solution
showed expression of TNF-o and IL-6 at the comparable level for the HFIP-derived
scaffolds (Fig. 9). The expression level in the rest of aqueous-derived scaffolds was
significantly lower (Fig. 9).

At the end of 8 weeks, the overall expression levels for all the transcripts evaluated
remained low (Fig. 9). The IFN-y was the only gene that showed an upregulated expression
level across all but one experimental group at the end of 8 weeks compared to 2 weeks (Fig.
9). The relative expression level for TNF-a mRNAs in aqueous-derived scaffolds prepared
from 10% silk fibroin solution significantly dropped at the end of 8 weeks in comparison to
2 weeks and became comparable to the other aqueous-derived scaffolds (Fig. 9). However,
no other trend was clearly demonstrated in any other experimental groups for TNF-a mRNA
(Fig. 9). No clear trend was found for the expression of IL-6 mRNAs (Fig. 9). The relative
expression levels for IL-4 and 1L-13 mRNAs remained too low to make any comparison
meaningful (Fig. 9).

3.2.5 Long term Immune response (6 to 12 months)—Throughout the one year
implantation, the HFIP and water-based scaffolds were well tolerated by the host animals
and no abnormal conditions were observed. While 11 out of 12 aqueous-derived scaffolds
prepared from 6% silk fibroin solution were completely degraded by the host animals after 6
months and 12 months as described previously in section 3.2.3, those prepared from 10%
silk fibroin solution were left with a few separate pieces with signs of significant
degradation (Table 2 and Fig. 10 A, C and D). After 6 months in vivo, very few
macrophages were present around the remaining small pieces of aqueous-derived scaffolds
(Fig. 10 A as an example), while HFIP-derived scaffolds were still surrounded by
macrophages (Fig. 10 B as an example).

The critical role macrophages played in the degradation of HFIP-derived scaffolds became
quite clear at the end of one year. In general, HFIP-derived scaffolds prepared from higher
concentration silk fibroin solutions, especially those with small pore sizes, granted less
access to macrophage invasion and thus showed more resistance to macrophage-mediated
degradation (Fig. 11). For example, at the end of one year, HFIP-derived scaffolds prepared
from 17% silk fibroin solution still had pores not reached by macrophages, which was not
observed in scaffolds prepared from lower concentration silk fibroin solutions (Fig. 11). For
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HFIP-derived scaffolds prepared from 17% silk fibroin solution with small pore sizes (100
to 200 pum), the peripheral regions that were accessible to macrophages showed signs of
degradation and loss of structural integrity, while the scaffolds remained largely intact inside
due to the absence of macrophages (Fig. 11).

At the end of 6 months, the overall expression levels for all the genes evaluated decreased
compared to 8 weeks, most evidently for IL-6 and IFN-y (Fig. 9). As mentioned above, the
relative expression level for IFN-y mMRNA increased at the end of 8 weeks compared to 2
weeks (Fig. 9). At the end of 6 months, the level for IFN-y mRNA dropped back to a very
low level comparable to 2 weeks (Fig. 9). At the end of 6 months the relative expression
levels for IL-4 and IL-13 mRNAs remained too low to make any comparison meaningful
(Fig. 9). At the end of one year, the overall expression levels for all the genes evaluated
decreased further and became undetectable in many cases (Fig. 9). The relative expression
levels were too low to make any comparison or trend meaningful (Fig. 9). After 6 months,
the transcripts were not detected in the skin controls (Fig. 9).

4. Discussion

Successful drug delivery and tissue engineering strategies in most cases require three-
dimensional scaffolds with varying but controllable structural, morphological and
degradation features matched to the targeted clinical application. The interplay of factors
such as pore size, concentration of polymer used in processing, structural stability, tissue
ingrowth, and degradation are keys to the understanding of the in vivo behavior of three-
dimensional porous scaffolds. This understanding forms the basis for determining optimal
utility of scaffolds to match specific needs in tissue regeneration. Recent advances have
greatly expanded the preparation options and processing windows for three-dimensional silk
fibroin porous scaffolds as well as their potential for a wide variety of medical applications
[15, 22-42]. In the present study, we systematically investigated the in vivo response to
three-dimensional silk fibroin porous scaffolds with varying pore sizes, silk fibroin solution
concentrations, and processing methods (aqueous vs. HFIP).

The results of the first stage (Stage 1) of this study, in which aqueous- and HFIP-derived
scaffolds with the same pore size distribution (500 to 600 pm) and original silk fibroin
concentration (6%) were implanted intramuscularly in nude and Lewis rats for 8 weeks,
offered initial insight into how the immune system responds to and then affects the in vivo
behavior of these scaffolds. Overall, the scaffolds were well tolerated by the host animals
and no abnormal conditions were observed during the 8 weeks of implantation. The impact
of the immune system on the scaffolds was obvious for the aqueous-derived scaffolds,
which significantly shrank in size due to the loss of structural integrity from significant
degradation in Lewis rats compared to nude rats. The outcome was not as obvious in the
HFIP-derived scaffolds, which showed no significant difference in degradability between
the two types of rats during the relatively short implantation time. All aqueous-derived
scaffolds lost their structural integrity and were completely infiltrated at the end of 8 weeks.
In contrast, all HFIP-derived scaffolds held their structural integrity to some extent,
especially in the center of the scaffolds where tissue ingrowth was limited. In Lewis rats,
aqueous-derived scaffolds showed clear signs of macrophage-mediated degradation at the
end of 8 weeks, which was not common in HFIP-derived scaffolds. These observations
demonstrate that both processing methods (aqueous vs. HFIP) and host immune system
responses have significant impact on the in vivo behavior of three-dimensional silk fibroin
porous scaffolds. The effect of cytokines, enzymes, and other factors that are not related to
the immune system on the degradation of the scaffolds was rather moderate when compared
to immune system-related cellular components including macrophages.
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These observations merited the longer Stage 11 study in hosts with an intact immune system,
such as Lewis rats, to better understand the interplay of scaffold processing factors and
degradation response. In Stage Il, we systematically examined how scaffolds with varying
original silk fibroin concentrations and pore sizes impact degradation processes when
implanted subcutaneously in Lewis rats. Subcutaneous implantation has the advantage of
allowing a large number of samples to be easily placed when compared to intramuscular
implantation. The intramuscular sites used in Stage | optimized the likelihood of detecting
an immune response and fostering degradation, since blood supply and cellular access is
greater at an intramuscular location than a subcutaneous location. The subsequent use of
subcutaneous placement in Stage 11 therefore represented a greater challenge to
degradability for all implants, representing a ‘worse case scenario’.

In Stage Il both short term (2 and 8 weeks) and the long term (6 and 12 months) implants
were assessed. At the end of 8 weeks, the morphology of subcutaneously implanted
scaffolds in Stage Il was similar to that of those intramuscularly implanted scaffolds in
Stage I. Tissue ingrowth was more advanced in the aqueous-derived scaffolds than the
HFIP-derived scaffolds during the initial period of implantation. HFIP-derived scaffolds
held their structural integrity longer than the aqueous-derived scaffolds. Since our prior
studies did not indicate a significant different in overall crystallinity between the aqueous vs.
solvent processes, we speculate that the sizes of the beta sheet crystals present, or the nature
of the crystalline structures present, may be different, as silk is known to exhibit at least
three polymorphs.

For the aqueous-derived scaffolds, the concentration of the original silk fibroin solution
played a more significant role than pore size with regard to the ability to hold structural
integrity in vivo. For example, with the same pore size (850 to 1000 um), scaffolds prepared
from 10% silk fibroin solution held their structural integrity for at least 8 weeks, while those
prepared from 6% solution did not. It is interesting to note that this effect was also observed
in vitro when enzymatic digestion of porous silk scaffolds was characterized [24]. For the
HFIP-derived scaffolds, the original silk fibroin concentration and pore size were equally
influential to their in vivo behavior. The combination of high original silk fibroin
concentration and small pore size best reduced tissue ingrowth, and were in some cases still
incompletely infiltrated even after 1 year in vivo. As a result, this combination significantly
slowed down the degradation of the scaffolds. At the end of 1 year, while remains of all
HFIP-derived scaffolds were present, those prepared from 17% silk fibroin solution with
100 to 200 um pore size were the least degraded. In contrast, no aqueous-derived scaffolds
held their structural integrity for longer than 6 months, further indicating the fundamental
differences between these two types of scaffold. These results can be used to guide the
design and selection of three-dimensional silk fibroin scaffolds for specific applications. For
example, shorter term drug release systems can be best matched by the aqueous scaffold
systems for their fast degradation profile while long-term bone regeneration needs can be
best met by the HFIP systems for their slow degradation.

Throughout the study, the scaffolds were tolerated well by the host animals and no abnormal
conditions were observed. Histologically the scaffolds did not appear to be heavily
enveloped by fibrous tissues in most cases. Macrophages quickly invaded the implantation
site and were readily visible around the scaffolds at 2 weeks. At the end of 8 weeks, giant
cells were present adjacent to the scaffold. During the initial period of implantation, no clear
difference in the number and pattern of macrophages between the aqueous- and the HFIP-
derived scaffolds was observed under the microscope. Clear signs of material degradation
were evident in the aqueous-derived scaffolds earlier than in the HFIP-derived scaffolds. As
a result, the HFIP-derived scaffolds lasted longer in vivo than the aqueous-derived scaffolds.
By 6 months, most (11 out of 12) aqueous-derived scaffolds prepared from 6% silk fibroin
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solution were completely degraded, while all HFIP-derived scaffolds were still present with
varying degrees of degradation. At the end of one year, 15 out of 18 aqueous-derived
scaffolds were completely degraded and only traces or very few small remaining pieces
were found in the other 3 scaffolds. In contrast, remains of all HFIP-derived scaffolds were
detected, although most scaffolds had been significantly degraded.

These differences are related to the structural, morphological, and surface characteristics of
aqueous- vs. HFIP-derived scaffolds. Previous studies have shown that the aqueous-derived
scaffolds provide better interconnected pores and a rougher surface than the HFIP-derived
scaffolds, that can improve initial cell attachment and tissue ingrowth [15, 24]. These
features contribute to the different outcomes observed with the in vivo assessments. During
the formation of these scaffolds, silk fibroin used in the process generally undergoes a
structural transition from random coil to B-sheet crystals [24, 25]. While total content of beta
sheet crystals is not significantly different (between 45-50%) between the water- and HFIP-
derived scaffolds, the distribution and sizes of the crystals may vary, contributing to the
different rates of degradation, along with the morphological features mentioned above [43].
These differences result in the different behavior of the two types of scaffolds in vivo.
Further, as mentioned earlier, the presence of different polymorphs of silk, may also
contribute to the different functional outcomes in terms of degradation rates.

In general, compared to HFIP-derived scaffolds, the degradation of aqueous-derived
scaffolds appeared to be much more homogeneous because of the widespread cellular
invasion through out the scaffold. On a macro-scale, the degradation of HFIP scaffolds
seems to start from the peripheral regions and slowly progresses towards the center. This
resembles the degradation of silk fibers, which starts from the surface via proteolytic activity
[44]. However, the present study does not provide sufficient enough evidence at the
molecular level to show whether these observations mean that the aqueous-derived scaffolds
follow a bulk degradation mechanism while HFIP-derived scaffolds follow a surface
degradation mechanism.

At the mRNA level, the expression of inflammation-related genes generally remained low
and local throughout the study. Two out the five genes evaluated, IL-4 and IL-13, were
barely detectable or not detectable at all. The expression of TNF-a, IL-6, and IFN-y was
weakly detectable during the early period of implantation but dropped to insignificant levels
or became undetectable for most experimental groups by 6 months. The only gene, whose
expression showed a noticeable increase from 2 weeks to 8 weeks, although still at a very
low level, was IFN-y, reflecting its nature as a late-responding inflammation-related gene.
At the end of one year, none of the genes evaluated in the present study were expressed at a
meaningful level. These results showed that the host immune response to the implanted
scaffolds is low or mild and local, consistent with previous studies [22, 29, 33].

There have been a number of biodegradable polymers widely explored as biomaterials and
scaffold systems for tissue engineering applications. Collagen, the most abundant and
omnipresent structural protein in the body, has been used for many types of biomedical
applications, with degradation affected by the cross-linking and ranging from 1 to 4 weeks
or longer in vivo [45]. The synthetic biodegradable polymer poly(lactic-co-glycolic acid)
(PLGA) is also widely used. Degradation time for PLGA (85:15) was about 26 weeks, and
for PLGA (50:50) about 6-8 weeks in vitro [46]), with similar results reported in vivo [47,
48]. Polycaprolactone (PCL) is another FDA-approved biodegradable polymer that can
remain in the body for more than two years [49]. The results reported in the present study
suggest that silk fibroin systems offer a range of degradation that encompasses most of the
other degradable polymeric scaffolds in common use today. Furthermore, the silk fibroin
systems offer many advantages such as avoidance of the need for post processing cross-
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linking due to the robust beta sheet formation, compatibility with autoclaving for
sterilization without loss of structural integrity, and ability to be processed in all water
systems to allow further functionalization with cell signaling factors, DNA, RNA or other
components.

5. Conclusions

The present study systematically investigated the interplay of many factors such as
processing condition, pore size, silk fibroin concentration, and host immune system
elements during in vivo degradation of three-dimensional silk fibroin scaffolds. The results
showed that the in vivo behavior of the silk fibroin scaffolds depended on the original
preparation method and structural characteristics. With the demonstrated flexibility and
versatility of silk fibroin scaffold processing, these results indicate that the in vivo behavior
of the silk fibroin scaffolds can be predicted and thus controlled to match the diverse needs
for the engineering and repair of various tissues with specific functional requirements, repair
characteristics, and repair rates. The information obtained in the present study is important
for the further investigation of silk fibroin scaffolds, which have shown potential in a wide
variety of medical applications [15, 22, 26-42]. Furthermore, the insights gained can serve
as a general guide for scaffold designs in tissue engineering.
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Figure 1.
Intramuscular degradation of aqueous-(A, B, E, and F) and HFIP-(C, D, G, and H) derived

silk scaffolds in nude and Lewis rats. Scaffolds were implanted for 8 weeks and stained with
H&E. Original structure of the aqueous- and HFIP-derived scaffolds prior to implantation
are shown in | and J, respectively. The cross-section area is shown in K. Bars in A-D = 400
pm and in E-J = 100 pm. Solid arrows = remaining scaffolds. (p<0.05)
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Figure 2.

Host response to intramuscularly implanted silk fibroin scaffolds in Lewis rats at 8 weeks.
Images A and B are for HFIP-derived scaffolds and aqueous-derived scaffolds, respectively.
Bars = 100 pm. Solid arrows = remaining scaffolds. Blank arrows = ED1 positive cells.
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Figure 3.

Morphologies of subcutaneously implanted aqueous-derived silk fibroin scaffolds in Lewis
rats at 2 weeks (A-D) and 8 week (E-F). Images A,B, E, and F are for scaffolds with 850—
1000 pm pore size prepared from 6% silk fibroin solution. Images C, D, G, and H are for
scaffolds with 850-1000 pm pore size prepared from 10% silk fibroin solution. Images B,
D, F, H are the enlarged views of the boxed area in Images A, C, E and G, respectively. Bars
inimages A, C, E, and G = 250 um and in B, D, F, and H = 100 um. Solid arrows in images
B, D, F, and H = remaining scaffolds.
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Figure 4.
Morphologies of subcutaneously implanted HFIP-derived silk fibroin scaffolds in Lewis rats

at 2 (top row) and 8 weeks (bottom row). Labels in all images describe the original silk
fibroin concentration followed by pore size. Due to limitation in space, pore sizes “100” and
“850” in the labels refer to 100 — 200 pm and 850 — 1000 pm, respectively. Bars = 100 pm.
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Figure 5.
Vascularization of subcutaneously implanted aqueous and HFIP-derived silk fibroin

scaffolds in Lewis rats at 2 and 8 weeks. Images A and C are for aqueous-derived scaffolds
at 2 and 8 weeks, respectively. Images B and D are for HFIP-derived scaffolds at 2 and 8
weeks, respectively. Bars= 100 um. Solid arrows = remaining scaffolds. Blank arrows =
signs of vascularization. Abbreviation “g” in image D = giant cell.
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Figure 6.

Morphologies of subcutaneously implanted aqueous-derived silk fibroin scaffolds at 6 and
12 months. Images A and B show the only remaining scaffold prepared from 6% silk fibroin
solution with 500 — 600 pm pore size at 6 and 12 months, respectively. Images C and D
show the remaining scaffolds prepared from 10% silk fibroin solution with 850 — 1000 um
pore size at 6 months at 10X and 32X, respectively. Images E and F show the remaining
scaffolds prepared from 10% silk fibroin solution with 850 — 1000 pum pore size at 12
months at 10X and 32X, respectively. Bars in A, B, D, and F = 100 pm and in C and E =
300 pm. Solid arrows = remaining scaffolds.
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Figure 7.

Morphologies of subcutaneously implanted HFIP-derived silk fibroin scaffolds at 6 and 12
months. Images A and B are for HFIP-derived scaffolds prepared from 17% silk fibroin
solution with 100 — 200 pm pore size at 6 months and 12 months, respectively. Images C
and D are for HFIP-derived scaffolds prepared from 6% silk fibroin solution with 500 — 600
pm pore size at 6 and 12 months, respectively. Bars = 100 pum. Solid arrows = remaining
scaffolds.
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Figure 8.

Macrophage response to subcutaneously implanted scaffolds in Lewis rats. Images A and B
are for aqueous-derived silk fibroin scaffolds prepared from 6% and 10% silk fibroin
solution at 2 weeks, respectively. Images C and D are for aqueous-derived silk fibroin
scaffolds prepared from 6% and 10% silk fibroin solution at 8 weeks, respectively. Images E
and F are for HFIP-derived silk fibroin scaffolds prepared from 6% silk fibroin solution at 2
(E) and 8 weeks (F). The pore size of all scaffolds is 850-1000 um. Bars = 100 pm. Solid
arrows = remaining scaffolds. Blank arrows = ED1 positive cells.
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Figure 9.

The relative expression level for TNF-a, IL6, IFN-y, IL4, and 1L13 mRNAs at 2 weeks, 8
weeks, 6 months and 12 months. Labels for X axis: “A” for aqueous and “H” for HFIP. For
examples, “A 6% 500-600" represents aqueous-derived scaffolds with 500-600 pum pore
size prepared from 6 % silk fibroin solution, while “H 6% 500-600" represents HFIP-
derived scaffolds with 500-600 um pore size prepared from 6 % silk fibroin solution. Y axis
= relative expression level normalized to GAPDH. The missing bars in the graphs at varying
timepoints indicate relative expression levels were not detectable.
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Figure 10.

Morphologies of and macrophage responses to subcutaneously implanted silk fibroin
scaffolds in Lewis rats at 6 months (A and B) and 12 months (C and D). Image A is for
aqueous-derived scaffold with 850-1000 um pore size prepared from 10% silk fibroin
solution. Image B is for HFIP-derived scaffold with 500-600 pm pore size prepared from
6% silk fibroin solution. Images C and D are for aqueous-derived scaffold with 500-600 um
pore size prepared from 6% silk fibroin solution and with 850-1000 pm pore size prepared
from 10% silk fibroin solution, respectively. Bars in A and B = 100 um and in C and D =
300 pm. Solid arrows = remaining scaffolds. Blank arrows = ED1 positive cells.
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Figure 11.

Macrophage response to subcutaneously implanted HFIP-derived silk fibroin scaffolds in
Lewis rats at the end of 12 months. Images A, C, and E are for scaffolds prepared from 6%
silk fibroin solution. Images B, D, and F are for scaffolds prepared from 17% silk fibroin
solution. Pore size in Images A and B is 100-200 pm, in C and D is 500-600 pm, and in E
and F is 850-1000 pm. Bars = 100 pm. Solid arrows = remaining scaffolds. Blank arrows =
ED1 positive cells.
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Table 1

Experimental design of the study.

Stage |

Animals and Implantation site

Nude rats and Lewis rats, intramuscular

Implantation time 8 weeks
Scaffolds Aqueous HFIP
Silk fibroin concentration 6% 6%
Pore size (um) 500-600 500-600
Total implants (n=4 for histology/immunohistochemistry) 4 4

Stage 11

Animals and Implantation site

Lewis rat, subcutaneous

Implantation time

2 weeks, 8 weeks, 6 months, and 1 year

Scaffolds

Aqueous

HFIP

Silk fibroin concentration 6%

10%

6%, 17%

Pore size (um) | 500-600, 850-1000

850-1000 | 100-200, 500-600, 850-1000

Total implants (n=6, 3 for PCR analysis and 3 for histology/ 96
immunohistochemistry)

48

288
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Statistics of remains found in subcutaneously implanted silk fibroin scaffolds at different time points.

Table 2

Process Water-Derived HFIP-Derived
Category
6% 6% 10% 6%and 17%
Number of (500-600 | (8501000 | (850-1000 (100-200,500-600,and
samples with
residuals / total Hm) Km) Hm) 850-1000 um)
scaffolds implanted
At 2 and 8 weeks 6/6 6/6 6/6 36/36 (Residuals found in all samples)
At 6 months 1(trace)/6 | 0/6 4/6 36/36 (Residuals found in all samples)
At 12 months 1(trace)/6 | 0/6 2 (very few small pieces) /6 | 36/36 (Residuals found in all samples)
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