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One of the major tasks of tissue engineering is to produce tissue grafts for the replacement or regen-
eration of damaged tissue, and natural and recombinant silk-based polymer scaffolds are promising
candidates for such grafts. Here, we compared two porous scaffolds made from different silk proteins,
fibroin of Bombyx mori and a recombinant analog of Nephila clavipes spidroin 1 known as rS1/9, and their
biocompatibility and degradation behavior in vitro and in vivo. The vascularization and intergrowth of the
connective tissue, which was penetrated with nerve fibers, at 8 weeks after subcutaneous implantation
in Balb/c mice was more profound using the rS1/9 scaffolds. Implantation of both scaffolds into bone
defects in Wistar rats accelerated repair compared to controls with no implanted scaffold at 4 weeks.
Based on the number of macrophages and multinuclear giant cells in the subcutaneous area and the
number of osteoclasts in the bone, regeneration was determined to be more effective after the rS1/9
scaffolds were implanted. Microscopic examination of the morphology of the matrices revealed differ-
ences in their internal microstructures. In contrast to fibroin-based scaffolds, the walls of the rS1/9
scaffolds were visibly thicker and contained specific micropores. We suggest that the porous inner
structure of the rS1/9 scaffolds provided a better micro-environment for the regenerating tissue, which
makes the matrices derived from the recombinant rS1/9 protein favorable candidates for future in vivo
applications.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The unique properties of silks (mechanical strength, slow
biodegradability, biocompatibility and sequence variants that
influence its properties) provide a basis for a variety of clinical
applications [1,2]. The silks produced by silkworms (e.g., Bombyx
mori) and spiders (e.g., Nephila clavipes) are the most comprehen-
sively investigated silks. Stability at a wide range of temperatures,
solubility in organic solvents and the ability to regain mechanical
and structural characteristics due to conformational self-assembly
allow the fabrication of diverse products with controllable shapes
and structures. Centuries of successful applications of B. mori silk
proteins (fibroins) in medicine, which provide evidence of its
: þ7 499 943 00 08.
.
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acceptable biocompatibility, prompted the evaluation of its use in
the field of tissue engineering [2,3].

Silkworm silks consist mostly of fibroin, whereas the major
protein of drag line silk is spidroin [4]. For various biomedical
applications, both fibroin and spidroin can be processed into
a variety of structural forms, including films, fibers, hydrogels,
microbeads, and sponges. They can also be used in combination
with other materials, such as gelatin and hydroxyapatite [5,6].
Silkworm silk must be degummed for biomedical applications to
remove the immunogenic sericin coating, which results in detri-
mental changes to the mechanical properties of the silk [2]. Spider
silks do not possess a sericin coating, and therefore, they can be
used in their natural form or as recombinant analogs, which were
developed due to the limited natural sources of spider silks [4,7].
Major efforts have been directed toward the evaluation of silk’s
specific properties as well as the in vivo and in vitro behavior of
natural silkworm and spider silks. A range of techniques have been
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developed to produce biopolymers that are potentially applicable
in tissue engineering; they include textile technologies, particulate-
leaching techniques, solid and liquid-phase separation, lithography
and rapid prototyping [1,2,8,9]. The three-dimensional (3D) scaf-
folds produced from silk-based composites have shown promising
results in vivo in various models of tissue regeneration [10e12]. The
size and interconnectivity of pores in scaffolds are critical for the
efficacy of tissue integration [13,14]; an interconnected structure is
a prerequisite for homogeneous cell distribution and effective
tissue intergrowth in vivo, as this type of structure facilitates
active gas exchange, nutrient supply, and proper metabolic waste
removal.

In N. clavipes, a species from which the fundamental under-
standing of spider silk came, approximately 80% of its major drag
line silk is MaSp1 (spidroin 1), and the remaining is MaSp2 [15]. To
date, very few recombinant proteins have been created based on
the MaSp1 sequences of N. clavipes [16e19]. We have previously
generated porous scaffolds from a genetically engineered protein,
an analog of N. clavipes spidroin 1 known as rS1/9 [18]. We have
shown that during the salt leaching procedure that is followed by
a 96% ethanol treatment, rS1/9-based polymers adopt a beta-sheet
structure [17,20,21]. Further morphological evaluation revealed
that rS1/9-based materials spontaneously formed a microporous
structure [17,20]. The fabricated materials exhibited good biocom-
patibility in cultured cells and were well tolerated by the host
animals [20,22].

Here, we examine the microstructure and physiological
behavior of two scaffolds that were fabricated using the same salt
leaching technique but that were obtained from different sources:
the recombinant protein rS1/9 (an analog of spidroin 1) expressed
in yeast and the well-characterized natural silkworm fibroin.

2. Materials and methods

2.1. Preparation of scaffolds

The polymer S1/9 was purified as previously described [20]. Natural silk from
B. mori cocoons was boiled for 1 h in 0.03 M NaHCO3, after which it was thoroughly
rinsed with distilled water to remove the glue-like sericin proteins and wax. The
polymers were dissolved in a solution of 10% lithium chloride and 90% formic acid.
The samples were agitated for 40min to facilitate dissolution, and then the solutions
were centrifuged for 10 min at 11,300 g. The porous scaffolds were prepared from
biopolymer solutions (300 mg/ml) using the salt leaching technique. The proper
amounts of dry NaCl particles of 200e400 mm in diameter were added to the
polymer solutions up to 110 mg per 50 ml and were mixed until they appeared to be
homogeneously distributed. Three types of containers for scaffold formation were
used: disk-shaped containers (8 mm in diameter, approximately 1 mm deep) for the
in vitro studies, bar-shaped containers (3 mm in width, approximately 12 mm in
length) for the subcutaneous implantations and cylinders (2 mm in diameter, 5 mm
length) for the bone implantations. The shaped scaffold samples were dried at room
temperature and then treated in 96% ethanol and immersed in distilled water to
remove NaCl. The sizes of scaffolds corresponded to the dimensions of the
containers. The samples were degassed for 1 h using a vacuum pump and sterilized
by soaking in 70% ethanol for 2 h.

2.2. Analysis of scaffolds structure

The structure of the polymer scaffolds was analyzed using a scanning electron
microscopy (SEM). The scaffold samples were prepared according to standard
procedure and sputter-coated with a 20 nm-thick gold layer. The specimens were
examined using a Camscan S2 (Cambridge Instruments, Cambridge, UK) microscope
in SEI mode with a 10 nm optical resolution and an operating voltage of 20 kV. The
images were captured using MicroCapture software (SMA, Russian Federation).

The structure of the polymer scaffolds in an aqueous environment was analyzed
using a confocal laser scanning microscope (CLSM), Axiovert 200M LSM510 META
(Carl Zeiss, Jena, Germany), that was equipped with Plan-Neofluar 10�/0.3, Plan-
Neofluar 20�/0.5 and Plan-Neofluar 40�/1.3 oil objectives. For CLSM, the rS1/9
scaffold was treated with TRITC (Sigma). To prepare the staining solution, TRITC was
dissolved in DMSO (1 mg in 20 ml), and the resulting solution was diluted 20 times
with 0.1 M bicarbonate buffer at pH 9.6. The scaffolds were incubated in the staining
solution for 12 h. To terminate conjugation, the samples were immersed in a 0.1 M

TriseHCl buffer at pH 7.6 for 30 min followed by rinsing with PBS.
2.3. Stability of polymer scaffolds in vitro

To investigate the degradation of the polymer scaffolds in vitro, the samples
were incubated in PBS or Fenton’s reagent (0.1 mM FeSO42, 1 mM H2O2). The rate of
the scaffolds degradation was assessed by weekly measurements of the weight of
the scaffold samples for up to 14 weeks.

2.4. Cell growth, adhesion and migration assays

Scaffolds were placed into a 24-well plate. Single cell suspension of 3T3 fibro-
blasts (24,000 cells in 1.5 ml of Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (FBS; Sigma) was added on top of scaffolds, and incu-
bated for 1 h at 37 �C, 5% CO2 in a humidified atmosphere. After the cells adhered to
the scaffolds, the samples were rinsed to remove unattached cells. Then the scaffolds
with adhered fibroblasts were transferred to wells containing fresh medium and
cultured for up to 2 weeks. The culture medium was changed every 2 days. Cell
attachment and proliferation were studied using SEM and CLSM. After the
completion of the cell cultures, the scaffolds were fixed for 30 min in 4% para-
formaldehyde and treated for 10 minwith 0.1% Triton X-100 in PBS. Cell nuclei were
stained using SYTOX� Green (Invitrogen; Carlsbad, USA) and were counted in the
CLSM images. An area of 2.55 mm3 of each 3D scaffold was examined. The scaffold
samples were studied up to a depth of 600 mm. The calculations were performed
using 3D for LSM Version 1.4.2 (Carl Zeiss) and Imaris 6.1.5 (Bitplane AG, Zurich,
Switzerland).

The 3T3 cell migration rate on the fibroin and rS1/9 scaffolds was determined
using an in-house constructed system. The scaffolds were incorporated into sterile
200 ml pipette tips, cut using a razor blade and submerged in a 1.5 ml sterile vial that
contained medium with serum. The cells were resuspended in the serum-free
media, and 50 ml of the suspension, which contained 5 � 104 cells, were applied
to the interior of the tip (Fig. 5A, left). Vials with the tips containing the scaffolds and
the seeded cells were placed in covered containers and incubated at 37 �C with 5%
CO2. After 14 h, the cells were counted in the bottom chamber of the vial.

For the in vitro scratch assay, the 3T3 cells were grown until they formed
a monolayer on a 6-well plate in DMEM media. A wound was introduced in the
monolayer of cells by scratching the surface with a 20 ml pipette tip. The cells were
washed twice with PBS to remove debris and were given freshmedia. The cells were
allowed to migrate into the wound during the next 14 h, and the cells were counted
in the area of scratch.

2.5. Implantation of the polymer scaffolds

Five 12-week-old locally bred female BALB/c mice were used for implantation.
During the surgical procedures, themicewere anesthetized with Zoletil 100 injected
i.p. (Virbac Laboratories, Carros, France) (5mg/100 g). The bar-shaped rS1/9 scaffolds
were aseptically implanted into mid-line dorsal subcutaneous areas.

Wistar rats (190e220 g) were divided into three groups for implantation of the
two types of scaffolds and for the control. The rats were anesthetized with injections
of Zoletil 100/Xylovet (CEVA Santé Animale, Libourne, France) (0.025 mg/0.005 mg/
100 g). A parallel incision was made on leg, and then the periosteumwas retracted.
Defects (2 mm in diameter) were made on one side of the femur. Scaffolds of the
appropriate size were inserted into the defect using a press fit. In the control group,
no scaffolds were implanted after the bone was wounded. The rats from each group
were subjected to tomography at 1 and 4 weeks and were sacrificed at 4 weeks. The
regeneration index was calculated as the ratio of regenerating to normal bone tissue
(in Hounsfield units)�100.

All of the animal care and handling procedures were performed according to the
protocols approved by the Animal Care and Use Committee, in compliance with the
guidance of the Ministry of Health Care and Social Development of the Russian
Federation, document N�755 issued on 12.08.1977 and the World Medical Associ-
ation’s Declaration of Helsinki (2000).

2.6. Histological analysis

Subcutaneously implanted scaffolds were harvested 8 weeks after surgery, and
the scaffolds that were implanted into the bone defect, together with the
surrounding tissue, were retrieved at 4 weeks. The samples were fixed in Bouin’s
fixative solution. The samples were then dehydrated in a series of alcohols,
embedded in Histomix� (BioVitrum, Russian Federation) and cut in 5 mm slices. The
sections were deparaffinized, rehydrated, stained with hematoxylin and eosin and
visualized using a Zeiss Imager A1 (Zeiss) and a high resolution camera AxioCam
MRc 5 (Zeiss).

2.7. Roentgen studies

Roentgen studies were carried out using computer tomography (Somotom
AR.HP “Siemens”). Tomogram and visual data were used as criteria to determine the
scanning range. Axial slices were taken with the following parameters: 110 kV,
50 mA, scan depth 3 mm, step 1e2 mm, and extremity algorithm. The obtained



Fig. 1. Morphology of the fibroin- and rS1/9-based porous scaffolds. A. Photographs of disk-shaped scaffolds (8 mm in diameter) that were prepared using a salt leaching method
from fibroin and rS1/9 polymers. B. Middle sections of the fibroin and rS1/9 scaffolds stained with India ink. The homogeneous staining indicates the scaffolds’ interconnectivity.

M.M. Moisenovich et al. / Biomaterials 33 (2012) 3887e3898 3889
images were used for estimating the healing of the defect in comparison with
a healthy cortical layer of femur bone according to the Hounsfield scale.

2.8. Statistical analysis

Statistical analysis was performed using ANOVA.

3. Results

3.1. Structure of scaffolds

The 3D fibroin and rS1/9 scaffolds were prepared under the
same conditions using a salt leaching technique. The scaffolds were
8-mm disks of foam-like products according to the mold that was
used (Fig. 1A). Generally, the visible structure of the fibroin-made
scaffolds was more uniform, and the exterior view of the
prepared rS1/9 scaffolds exhibited a more delicate structure. The
outer surfaces of both types of the scaffolds were rough and bos-
selated and were penetrated by visible openings of macropores
formed by porogen particles. The interconnectivity of the internal
environment was demonstrated by the homogeneous penetration
of the dying particles, as shown in cross-sections of the central part
of scaffolds that were immersed in India ink (Fig. 1B). The internal
structures of the scaffolds were formed by conjugated pores of
200e400 mm in diameter (Fig. 2A); visible differences were
observed between the fibroin- and the rS1/9-based materials
regarding pore shape and the depth of pore walls. Notably, the pore
walls in fibroin scaffolds had a homogeneous structure with a scaly,
rough surface (Fig. 2B,C), whereas the pore walls of the rS1/9
scaffolds had a loose structure and a perforated surface that was
formed by 2e15 mmmicropores (Fig. 2B,C). A summary of structural
features of both scaffolds is presented in Table 1.

3.2. Stability of the scaffolds in vitro

Before comparing the fibroin- and rS1/9-based scaffolds in cell
culture and the animal model, we determined the in vitro degra-
dation behavior of the scaffolds under physiological (PBS) and
oxidative (Fenton’s solution) conditions. The change in weight of
the porous scaffolds throughout degradation was measured up to 7
weeks. Incubation in PBS for 7 weeks led to a low weight loss (20%)
for both of the scaffolds. No significant differences were detected at
7 weeks (Fig. 3A). In Fenton’s reagent, approximately 70% of the
weight of scaffolds had degraded by 4 weeks, and more than 90%
has degraded by 7 weeks (Fig. 3B).
3.3. Cell growth in the fibroin and rS1/9 3D scaffolds in vitro

Next, we compared the ability of the fibroin and rS1/9 scaffolds
to maintain a distribution and proliferation of 3T3 fibroblasts. Both
scaffolds demonstrated a relatively equal ability to maintain
a dynamic growth of the cells, whichwas determined by comparing
the cell number augmentation (in CLSM images) at 1, 4 and 14 days
of culture on the fibroin and rS1/9 matrices (Fig. 4A). Additionally,
as shown by SEM analysis (Fig. 4B), both types of scaffolds were
able to support cell attachment in three-dimensional cultures.
3.4. Cell motility within the fibroin and rS1/9 scaffolds in vitro

To compare the effects of the scaffolds on cell motility in vitro, we
utilized two different assays (Fig. 5). First, we seeded the 3T3 cells in
the top of the tip with the fibroin or rS1/9 scaffolds in serum-free
media while 10% serum was added to the vial below (Fig. 5A, left).
After 14 h, trans-migrated cells were collected from the bottom of
the vial and counted. As shown in Fig. 5A, left, five times more cells
migrated through the fibroin matrices than through the rS1/9
matrices. To confirm these results, we employed an in vitro scratch
assay on the fibroin and rS1/9 films (Fig. 5B). The cells were plated on
glass cover slips in 10% serum culture media that were covered with
fibroin or rS1/9 polymers, as described previously [20]. The cells
were allowed to grow until confluent before a scratch was intro-
duced into the cell monolayer. The number of cells in the area of the
scratch was counted after 12 and 24 h. The results in Fig. 5B show
that more cells migrated into the scratch area on the surface of the
fibroin film. Taken together, the results of both assays indicated that,



Fig. 2. Microscopic structures of the fibroin- and rS1/9-based scaffolds. SEM analysis revealed similar porosity in terms of the size and density of the salt particle-formed mac-
ropores of the fibroin (A) and rS1/9 (B) scaffolds. The biomaterials displayed different microstructures of the macropore walls. The fibroin scaffolds displayed homogeneity within
the wall structure, whereas the rS1/9 scaffolds displayed spontaneously formed micropores that were located on the macropore walls (B). Similar observations were made using
CLSM in an aqueous environment for the fibroin (C) and rS1/9. Scaffolds were visualized using TRITC.
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compared to fibroin, the surface of the rS1/9-based substrate
reduced the motility of 3T3 cells in vitro.

3.5. Tissue responses to subcutaneous implantation of the fibroin
and rS1/9 scaffolds

To compare the in vivo behavior of the fibroin and rS1/9 scaf-
folds, we implanted them into subcutaneous spaces of Balb/c mice.
Both the fibroin and rS1/9 scaffolds were well tolerated by the host
animals, with no signs of inflammation, rejection or other abnormal
conditions were identified. After retrieval at 8 weeks, both types of
scaffolds had been adhered to by subcutaneous area tissues but
maintained their original shape and were easily distinguishable.
The results of the histological analysis, shown in Fig. 6A, demon-
strated that the in-grown connective tissue was represented by
bundles of fibroblasts in fibrous extracellular matrix, in addition to



Fig. 4. Equal distribution and growth of 3T3 fibroblasts on the surfaces of the fibroin- and rS1/9 scaffolds. 3T3 cells (24,000 cells/ml) were plated on the fibroin and rS1/9 scaffolds in
300 ml of DMEM. A. CLSM images demonstrating a gradual growth of 3T3 cells in the fibroin and rS1/9 scaffolds at 1, 4 and 14 days. Nuclei were stained using SYTOX Green. B. SEM
micrographs showing confluent 3T3 cell culture on the surface of fibroin and rS1/9 scaffolds at 14 days after seeding.

Fig. 3. Similar degradation of the fibroin- and rS1/9-based scaffolds under oxidative conditions in vitro. Weight loss as a function of the degradation rate of the scaffolds made from
fibroin and rS1/9 demonstrated the stability of the scaffolds in PBS (A) and degradation after 7 weeks in oxidizing Fenton’s reagent (B). No significant difference was found between
the fibroin and rS1/9 scaffolds weight loss (p < 0.05).
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Fig. 5. Effects of the fibroin and rS1/9 scaffolds on 3T3 fibroblasts in vitro motility. A. For trans-scaffold migration, the cells were seeded in serum-free medium on the top of the
scaffolds. The number of cells that migrated to the bottom of the vials was counted after 14 h. B. Cell migration was analyzed using a scratch assay. Cells were plated on fibroin- and
rS1/9-covered slips and grown to confluence in 10% serum. After the scratch, the cells were allowed to migrate into the scratch area and were counted at 12 and 24 h.
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some evidence of fat tissue. The presence of connective tissue
inside both types of scaffolds indicated a replacement of the bio-
degrading material with the host tissue.

Although both scaffolds demonstrated good adhesive potential
in vivo, the matrices were affected by the surrounding tissue to
varying extents. The fragmentation of the fibroin material that was
Table 1
Structural features of the scaffolds that were formed from fibroin and rS1/9.

Features Fibroin scaffolds rS1/9 scaffolds

Interconnectivity Permeable for India ink particles due to conjugation
of pores

Pore diameter 200e400 mm
Pore shape Irregular, ranges from ellipsoid to cubiform
Thickness of

pore walls
7e20 mm up to 50 mm
at the junction of
several pores

Around 10e70 mm,
up to 100e150 mm
at junction of several pores

Structure of
pore walls

Homogeneous Loose structure formed
by micropores

Surface of
pore walls

Rough, scaled Perforated
associated with the invasion of newly formed connective tissuewas
observed only on the periphery of the scaffold. The majority of the
fibroin scaffold remained unoccupied and contained empty pore
cavities (Fig. 6A, top panel). Regarding the rS1/9 scaffolds, an
implantation for the same period of time resulted in a more
profound collapse of the rS1/9 material and more pronounced
tissue ingrowth (Fig. 6A, bottom panel), although some empty
pores with preserved structure were still detectable in the central
areas of the specimens. Taken together, these results indicated
a higher efficiency of connective tissue ingrowth for rS1/9 scaffold
implantations. A few recent studies have demonstrated that the
natural proteins of spider silk [23] and recombinant spidroins
[24,25] are compatible with soft connective tissues, which supports
our observations.

As the ingrowth of the connective tissue facilitated the bio-
absorption of the scaffolding material, we also compared the
erosion of the implanted scaffolds. An accumulation of cell-
destructors, including macrophages and multinuclear foreign-
body giant cells, near the surface of the scaffolds indicated that
erosion, at least in part, was cell-mediated (Fig. 6B). Despite the fact
that both scaffolds exhibited signs of degradation, the fibroin



Fig. 6. Histological evaluation of tissue integration after subcutaneous implantation of the fibroin- and rS1/9-based scaffolds was performed at 8 weeks post-implantation. The
histological sections were stained using hematoxylin/eosin. “S” indicates scaffolding material. A. After implantation, the rS1/9 matrices resulted in more profound connective tissue
ingrowth than the fibroin scaffold. B. Multinuclear giant cells (grey arrows) found near the scaffold surface and inside the scaffold material participated in the absorption of the
polymers.
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material was preserved to a much higher extent than the rS1/9
scaffold; the homogeneous structure of the fibroin material
remained mostly intact, whereas the openwork composition of the
rS1/9 matrices showed signs of intense erosion, especially in areas
that were surrounded by connective tissue (Fig. 6B, top bottom
panels).

Next, we compared the effects of the fibroin- and rS1/9-based
scaffolds on vasculo- and neuro-genesis after subcutaneous
implantation (Fig. 7). Blood vessels and nerve fibers ran through the
connective tissue sheath surrounding the scaffolds. Additionally,
we observed nerve fibers and vessels of various diameters inside
the cavities of the scaffold pores. Similar to the results regarding the
connective tissue (Fig. 6A), vascularization and nerve ingrowth
were more advanced for the rS1/9 scaffold; nerve fibers, multinu-
clear giant cells and vessels were detectable only in the peripheral
areas of the fibroin implant, whereas the distribution of nerve



Fig. 7. Nerve intergrowth and vascularization in the rS1/9 and fibroin scaffolds after subcutaneous implantation in mice. Hematoxylin/eosin staining of specimen sections at 8
weeks after implantation of the fibroin- and rS1/9-based scaffolds (left and right panels, respectively). White arrows indicate blood vessels and black arrows indicate nerve fibers
running through capsules that are surround scaffolds. Giant cells are indicated by grey arrows. “S” denotes scaffolding material. The micrographs embedded on the bottom (white
squares) correspond to higher magnifications of the same images.

Table 2
Analysis of the regeneration of bone defects using fibroin- and rS1/9-based scaffolds.
Regeneration of bone tissue in the injured areas was determined by the Hounsfield
scale using pictures of axial sections of bone from tomography micrographs. The
index of bone regenerationwas calculated as the ratio of regenerating bone tissue to
normal bone tissue (in Hounsfield units)�100.

Regeneration index from radiography data

1 week 4 weeks

Empty control 27.2 � 0.3 31.2 � 0.7
Fibroin scaffolds 27.9 � 0.5 37.3 � 0.6
rS1/9 scaffolds 28.6 � 0.7 46.2 � 0.4
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fibers and vessels in the rS1/9 scaffolds was spread more homo-
geneously (Fig. 7, left and right panels).

3.6. Bone regeneration supported by fibroin and rS1/9 scaffolds

To investigate effects of the scaffolds on tissue regeneration after
implantation into bone tissue and their contribution to the healing
of bone wounds, we filled 2 mm defects in rat femur bones with
fibroin and rS1/9 scaffolds of the same size. After 1 and 4weeks, the
bones were analyzed using roentgen ray computed tomography.
The regeneration of bone tissue in injured areas was determined
using the regeneration index, whichwasmeasured according to the
Hounsfield scale using pictures of the bone axial sections in
tomography micrographs [26]. At 1 week post-injury, the regen-
eration was equal for the scaffold-filled and the empty control
group (Table 2). However, after 4 weeks, the defects treated with
both the fibroin and the rS1/9 polymer scaffolds showed higher
levels of recovery compared to the empty control. Moreover, the
process of regeneration in thewound that was filled with the rS1/9-
based scaffold was significantly faster than that for the fibroin
material (Fig. 8).



Fig. 8. Implantation of the rS1/9-based scaffold resulted in faster bone regeneration in
mice compared to regeneration with the fibroin scaffold. The data from Table 2 is
presented as a ratio between the fourth and first weeks post-implantation. Inserts:
macroscopic images of bone defect alone or with engrafted fibroin- or rS1/9-based
scaffolds taken at 4 weeks after injury.
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Next, we evaluated the tissue morphology in the polymer-
engrafted samples. After 4 weeks of implantation, scaffold
implantation did not induce any visible inflammation in the adja-
cent soft tissues (Fig. 9). In the empty control group, the defects
exhibited very little evidence of healing; the areas of the wounds
were filled with bone marrow tissue with only sparse foci of bone
formation (data not shown). For defects that were treated with
polymer scaffolds, the micrographs still showed a visible interface
between the ambient bone and the scaffolds. The fibroin scaffolds
demonstrated a collapsed structure, but they retained a porous
morphology (Fig. 9A). The scaffolds made from rS1/9 were
substantially degraded, with separate pieces of scaffolding material
visibly isolated in the histological sections (Fig. 9C).
Fig. 9. More mature bone formation was associated with the rS1/9 scaffold implantation com
4 weeks after scaffold implantation revealed slower osteogenesis in the fibroin scaffolds.
corner); gray arrows, osteocytes. “BF” indicates areas of bone formation. “S” denotes scaffol
material. Images C and D show disorganization of the rS1/9 scaffold with bone tissue forme
both scaffolds. Areas of formed bone tissue and multinuclear giant osteoclast-like cells that d
B and D are the enlarged views of the boxed area in images A and C. The micrographs in t
We detected a range of morphologically distinguishable
ostreogenic cells and osteoblasts in both of the scaffolds. Elongated
osteogenic cells were found in direct contact with the scaffolding
material, which indicated the growth of bone tissue on the surface
of the scaffolds (Fig. 9B and D). Mature bone tissue was detectable
in hematoxylin/eosin stained sections.

Generally, the wounds containing the fibroin scaffolds demon-
strated relatively slow bone regeneration. Most of the pores of the
fibroin material were filled with osteoblasts with no obvious signs
of osteogenesis. The formation of mature trabecular bone tissue
was detected only in the edge areas that were connected with
external space (in Fig. 9, the areas of mature bone are squared).
Intergrowth of osteogenic tissue within the rS1/9 scaffolds clearly
progressed, and more areas of mature bone tissue were detected
inside the scaffold pores (Fig. 9C and D). Additionally, the scaffolds
composed of rS1/9 were occupied with numerous osteoclasts
(multinuclear giant cells) (Fig. 9C, white arrows), whereas few
osteoclasts were detected in periphery of the fibroin scaffold. Some
osteoclasts were found in direct contact with the surface of the
scaffolding material in the eroded lacunas, which indicated their
participation in resorption of the scaffolding material.

We concluded that the bone defects containing the engrafted
rS1/9 scaffolds demonstrated a significant increase in bone forma-
tion andmaturation compared to those containing thefibroin-based
matrices.
4. Discussion

A major challenge for tissue engineering is to design scaffolds
that closely mimic native tissue and provide a 3-dimensional
mechanical framework for cell attach, proliferate, and finally
differentiate into a target tissue. The goal of the present study was
to compare the in vitro and in vivo behavior of two scaffolds: one
pared to the fibroin-based scaffold. Hematoxylin/eosin staining of bone defect sections
Black arrows, osteogenic cells; white arrows, osteoclasts (C, insert in the left bottom
ding material. Fibroin images (A and B) show some bone tissue around the scaffolding
d deeply inside the scaffold. Osteogenic cells were detected adjacent to the surface of
etectable adjacent to surface of implant, are abundant in the rS1/9 scaffolds (D). Images
he right corners of B and D correspond to higher magnifications of the squares.
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derived from a recombinant analog of N. clavipes spidroin 1 termed
rS1/9, as previously described by our group [18,20,22], and another
derived from a well-known natural silk protein, B. mori fibroin
[2,27e29].

Although both the fibroin and rS1/9 3D scaffolds were fabricated
using the same technique and were shaped using the same molds,
they displayed certain structural differences (Figs. 1 and 2 and
Table 1). SEM and CLSM evaluations demonstrated that the diam-
eter of the macropores in both types of scaffolds lied within the
same range of approximately 200e400 mm (Fig. 2A). However, the
scaffold pores in the fibroin and rS1/9 matrices showed differences
in shape and in the depth of pore walls (Fig. 2, compare left and
right panels). We previously described the unique micropore-like
composition of rS1/9-based polymers [20,21] and suggested that
the structure may be a specific feature of this recombinant protein
[18]. Natural spider fibrils do not possess such microporous struc-
tures, and the shorter analogs of spidroin from Euprosthenops
australis and Araneus diadematus do not form micropores upon
aggregation [30,31].

It remains unclear why rS1/9-based scaffolds display a different
microporous structure (Fig. 2), and this phenomenon needs further
investigation. The structural peculiarities of polymers can also have
interesting manifestations. It has been assumed previously [32]
that fibroin and spidroin molecules may form micelles in which
the hydrophobic domains are arranged on the inside and the
hydrophilic (N- and C-termini) domains are in contact with the
outer solution. The formation of micelles provides the solubility of
proteins in the concentrated solutions. The recombinant spidroin,
employed for scaffolds preparation, lacked these hydrophilic N-
and C-termini [17], but nevertheless, we revealed the micelle-like
structures during artificial spinning of the concentrated recombi-
nant spidroin that was dissolved in ethanol [21]. Therefore, the
primary differences between rS1/9 and fibroin are molecular mass
(94.3 vs. w370 kDa) and sequence peculiarities (the poly-A blocks
and an alternation of hydrophobic and hydrophilic sections found
in rS1/9 and the (GAGAGS)n motif found the fibroin). These differ-
ences can be the cause of micropore appearance in 3D matrix
structures at the time of contact with the alcohol during its
preparation.

Another possible explanation of the microporous structure
regards the differences in protein modifications. Natural fibroin in
ampullate glands and the recombinant spidroin analog rS1/9 in
yeast may receive different modifications that affect the final silk
processing. Very little is known about the post-translational
modifications that exist for fibroin- or spidroin-based protein
polymers. However, it has been shown that phosphorylation
inhibits the beta-sheet assembly of the protein [33]. In another
study, proteomic analysis revealed the presence of glycosylation, in
addition to phosphorylation, in isoforms of the P25 component of
B. mori fibroin [34].

The diversity of the primary composition of the fibroin and rS1/9
protein polymers did not affect their stability in vitro (Fig. 3). This
result indicated that the rate of hydrolysis that we observed did not
depend on the amino acid sequences or the secondary protein
structure of the scaffolds (in our previous work, we have described
the beta-sheet structure of rS1/9-based polymers [17]). Although
the presence of micropores in the rS1/9 scaffolds likely did not
provide any advantages for the in vitro cell distribution and
proliferation, we believe that the differences between the two
materials that we observed for the in vivo experiments can be
explained by the specific microporous wall structure of the rS1/9-
based scaffold.

In our subcutaneous implantation experiments, we showed the
presence of connective tissue inside both types of scaffolds (Fig. 6).
Close interactions of fibroblasts inside the newly formed tissue of
the scaffolding material indicated a replacement of the bio-
degrading substrate with the host tissue. Although both scaffolds
showed clear signs of cell-mediated destruction 8 weeks after the
subcutaneous implantation, the resorption of the rS1/9 scaffolding
material was accompanied by a more intensive erosion formation
compared to the fibroin scaffolds (Fig. 6A, compare top and bottom
panels). These results indicated a higher “bio-degradative” poten-
tial for the rS1/9-based scaffold in vivo. Implantation of any
foreign material initiates a so-called “foreign-body reaction”. The
resorption of fibroin scaffolds by macrophages/multinuclear cells
has been demonstrated previously [35,36]. Regarding spider
proteins, cell-mediated degradation had been demonstrated for the
recombinant protein of E. australis silk [30,37,38] and for natural
silk of the A. diadematus egg sack [23]. The reaction included acti-
vation of macrophages and their derivative fusions, multinuclear
foreign-body giant cells, and the result of such activation was
a resorption of the implant. A microporous morphology has been
shown to favor macrophages/multinuclear giant cells infiltration
[39,40]; therefore, the pervasive microporous structure of the rS1/9
scaffold could make it more sensitive to cell invasion and result in
faster resorption in vivo.

In addition, accumulated macrophages (and other immune
cells) secrete specific growth factors that participate in the vascu-
larization of more porous implants [39,41] and promote the growth
of nerve fibers in granulation tissue [42]. Interestingly, both
vascularization and the intergrowth of nerve fibers, which are
essential for matrix integration into surrounding tissues, were
more developed in the rS1/9 scaffolds compared to the fibroin-
based material (Fig. 7).

Surgery and implantation of fibroin and rS1/9 scaffolds into
bone tissue did not cause any inflammation or wound complica-
tions. Our roentgen ray computed tomography study and histo-
logical evaluation of retrieved specimens demonstrated that
implantation of the rS1/9 scaffolds resulted in more effective
healing than that for the fibroin scaffolds (Table 2 and Fig. 8). The
numerous areas of mature bone formation and the significant
penetration of osteoinductive tissue inside the scaffold demon-
strated more effective osteogenesis in the bone defects with the
rS1/9 scaffolds than the fibroin-based scaffolds (Fig. 9).

During bone remodeling, monocyte/macrophage precursors
produce a specific type of multinuclear giant cells, osteoclasts,
which are the cells that are responsible for bone resorption [43].
Along with numerous osteocytes (Fig. 9, compare B and D) within
the rS1/9 scaffolds, we also observed the presence of osteoclasts
(Fig. 9C, white arrows) in our experiments studying bone regen-
eration. This result may explain the higher level of degradation of
the rS1/9-based scaffolds, as silk polymer can be degraded by
osteoclasts [44].

Although the in vitro cell growth of mouse fibroblasts was
similar for both of the scaffolds (Fig. 4), cell migration was signifi-
cantly higher through the fibroin-based matrices compared to the
rS1/9-based matrices (Fig. 5). The regulated assembly and disas-
sembly of adhesive cellular structures is critical for cell motility and
scaffold structure, such as elasticity and composition, affects cell
adhesion and motility [45]. The different microshapes of the rS1/9-
based scaffolds that were observed (Figs. 1 and 2) provided the 3T3
fibroblasts with a greater potential for adhesion. As a result of the
stronger adhesion, migration through the rS1/9 matrices was
decreased. Additionally, fibroin and rS1/9 protein monomers have
different isoelectric points, approximately 10 for rS1/9 [46] and 4.5
for fibroin [47]. Because cell adhesion is stronger for positively
charged substrates and motility is higher for negatively charged
substrates [48], the higher isoelectric point could play a certain role
in the slower migration of mouse fibroblasts through the rS1/9
polymers (Fig. 5).
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Substrate chemistry and mechanics cooperatively regulate cell
fate and tissue development [49,50], and, among other factors,
substrate surface topography can control the balance among cell
growth, differentiation, and death [50]. Stronger adhesion to rS1/9-
based scaffolds may explain the results of the in vivo experiments
regarding bone regeneration (Figs. 8 and 9). During the mass
migration of cells of different origin to an area of bone defect, the
increase in cell adhesiveness and the reduction in cell motility due
to the microporous structure of the rS1/9 scaffolds provided a more
favorable environment than that in the fibroin scaffolds. Such
environment induced an accumulation of osteogenic precursors
inside the rS1/9 matrices, which in turn resulted in more effective
cell differentiation and bone regeneration.

5. Conclusions

Our data indicate that the scaffolds from the spidroin-derivative
recombinant protein rS1/9 demonstrate more effective connective
tissue ingrowth and a higher rate of bone tissue regeneration than
the fibroin-based scaffolds. Additionally, despite the same in vitro
degradation behavior of the two scaffolds, the rS1/9 matrices were
more sensitive to cell-mediated resorption in vivo. The observed
differences between the behaviors of the scaffolds in vivo could be
explained by the unique microporous structure that is spontane-
ously formed during the preparation procedure of rS1/9, in contrast
to the fibroin-based scaffolds. We believe that scaffolds based on
this specific recombinant spidroin analog will be an attractive
alternative platform for tissue regeneration.
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