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Abstract: The goal of this study was to generate porous scaf-

folds from the genetically engineered protein, an analogue

of Nephila clavipes spidroin 1 (rS1/9) and to assess the prop-

erties of new rS1/9 scaffolds essential for bioengineering.

The salt leaching technique was used to make the rS1/9 scaf-

folds of interconnected macroporous structure with sponta-

neously formed micropores. The tensile strength of scaffolds

was 18 6 5 N/cm2. Scaffolds were relatively stable in a phos-

phate buffer but degraded in oxidizing environment after 11

weeks of incubation. Applicability of the recombinant

spidroin 1 as a substrate for cell culture was demonstrated

by successful 3T3 cells growth on the surface of rS1/9 films

(270 6 20 cells/mm2 vs. 97 6 8 cells/mm2 on the glass sur-

face, p < 0.01). The 3T3 fibroblasts readily proliferated within

the rS1/9 scaffold (from initially plated 19 6 2 cells/mm3 to

3800 6 304 cells/mm3 after 2 weeks). By this time, cells were

uniformly distributed between the surface and deeper layers

(27% 6 8% and 33% 6 4%, respectively; p > 0.05), whereas

the initial distribution was 58% 6 7% and 11% 6 8%, respec-

tively; p < 0.05). The rS1/9 scaffolds implanted subcutane-

ously into Balb/c mice were well tolerated. Over a 2-month

period, the scaffolds promoted an ingrowth of de novo

formed vascularized connective tissue elements and nerve

fibers. Thus, scaffolds made of the novel recombinant

spidroin 1 analogue are potentially applicable in tissue engi-

neering. VC 2010 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

96A: 125–131, 2011.

Key Words: spidroin, biopolymer, biodegradable scaffold,

biocompatibility

INTRODUCTION

New biomaterials as scaffolds for artificial tissues and
organs are extensively investigated. Biocompatible and bio-
degradable scaffolds can support cell attachment and prolif-
eration, as well as three-dimensional (3D) orientation of
tissues.1–3 Natural silk derivatives have been widely used
for these purposes. The most popular source of silk is the
cocoon of the silkworm Bombix mori.4 Recently, many other
types of silk have attracted the attention of research groups
worldwide.5–8 The spider dragline silk of Nephila clavipes
consists of two fibrillar proteins (spidroins 1 and 2).9

Because the biomedical applications of natural spider silk
are limited because of insufficient amount of material, the
recombinant analogues of spidroins have been recently
developed.10,11 The genetically engineered protein, an ana-
logue of N. clavipes spidroin 1 (rS1/9), possesses all typical
properties of full-length spidroins, that is, the ability
for structural transition to the beta-sheet structure, a spon-

taneous formation of nanofibrils and microspheres in aque-
ous solutions, and the formation of tough fibers after
spinning.12,13

The goal of this study was to prepare the scaffolds
based on recombinant spidroin 1 and to investigate their
structural and mechanical properties. It was shown that
recombinant spidroin 1 scaffolds are suitable for eukaryotic
cell culture as well as for in vivo evaluation of the tissue
response to implants.

MATERIALS AND METHODS

Purification of recombinant protein
The artificial gene S1/9 consists of nine chemically synthe-
sized ‘‘monomers’’ 1f1.12 They were amplified as part of the
plasmid followed by transformation into yeast cells of Pichia
pastoris. The expressed rS1/9 protein was purified from
yeast cell extract by the method developed previously,12
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including acidification, heating, ultrafiltration, and chroma-
tography on a weak cation exchanger SP Sepharose Fast
Flow (Amersham Biosciences, Uppsala, Sweden) in a fast
protein liquid chromatography system by a two-step pH-gra-
dient elution. A high purity of the sample was confirmed
using sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and spectrophotometry.

Preparation of the rS1/9 films and scaffolds
The lyophilized biopolymer rS1/9 was dissolved in 10%
lithium chloride in 90% formic acid. The samples were agi-
tated for 40 min to facilitate dissolution, and then the solu-
tions were centrifuged for 10 min at 11,300g. The rS1/9
films were formed using the casting method.10 A drop of
diluted (1 mg/mL) biopolymer solution was applied to the
surface of a smooth carrier for 1 h at room temperature.
After drying, the films (diameter 2 cm and thickness
80 mm) were immersed in 96% ethanol.

The porous scaffolds were prepared from biopolymer
rS1/9 solutions (300 mg/mL) using the salt leaching tech-
nique. Particles of dry granular (200–400 lm) NaCl were
added to the biopolymer solution (110 mg of salt per
50 lL). Two types of containers for scaffold formation were
used: disk-shaped containers (10 mm in diameter, approxi-
mately 1 mm deep) and bar-shaped ones (width 3 mm,
approximate length 12 mm). Shaped scaffold samples were
dried at room temperature, then treated in 96% ethanol,
and immersed in distilled water to remove NaCl. The
samples were degassed using a vacuum pump for 1 h and
sterilized by soaking in 96% ethanol for 2 h. During this
procedure, rS1/9 adopts the beta-sheet structure.14

Characterization of the rS1/9 scaffolds
The structure of the rS1/9 scaffolds was analyzed with a
scanning electron microscope. The scaffold samples were
prepared according to standard procedure and sputter-
coated with 20-nm-thick gold. The specimens were
examined using a Camscan S2 (Cambridge Instruments,
Cambridge, UK) in SEI mode with a 10-nm optical resolu-
tion and an operating voltage of 20 kV. The images were
captured using MicroCapture software (SMA, Russian
Federation).

The structure of the rS1/9 scaffolds in aqueous environ-
ment was analyzed using a confocal laser scanning micro-
scope Axiovert 200M LSM510 META (Carl Zeiss, Jena,
Germany) equipped with Plan-Neofluar 10�/0.3, Plan-Neo-
fluar 20�/0.5, and Plan-Neofluar 40�/1.3 objectives. For
confocal laser scanning microscopy (CLSM), the rS1/9
scaffold was treated with tetramethyl rhodamine iso-
thiocyanate (Sigma). To prepare the staining solution,
tetramethyl rhodamine iso-thiocyanate was dissolved in
dimethylsulfoxide (1 mg in 20 lL) and the resulting solution
was diluted 20 times with 0.1M bicarbonate buffer, pH 9.6.
The scaffolds were incubated in the staining solution for
12 h. To terminate conjugation, the samples were immersed
in a 0.1M Tris-HCl buffer, pH 7.6, for 30 min followed by
rinsing with phosphate-buffered saline (PBS).

To investigate the rS1/9 scaffold degradation in vitro,
the samples of scaffold were incubated in PBS or Fenton’s
reagent (0.1 mM FeSO4, 1 mM H2O2). The rate of the rS1/
9 scaffold degradation was assessed by weekly mea-
surement of weight of the scaffold samples for up to
14 weeks.

To measure the tensile strength and extensibility of the
porous scaffolds, one end of the dry bar-shaped sample was
fixed in a clip and the other was loaded with a known
weight. The weight was increased until the sample rup-
tured. The tensile strength (N/cm2) was calculated as the
ratio of the rupture weight per cm2 of the cross-section
area of the sample. The extensibility of the sample was
calculated as the ratio of the original length to the length
after elongation.

Cell growth and cell adhesion assays
The rS1/9 scaffolds and films were used for culturing 3T3
fibroblasts. The scaffolds or films were placed into 24-well
plates. The 3T3 murine fibroblast cells (24,000 cells/mL)
were plated in 300 lL of Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum
(Sigma). After the cells adhered to the substrate (40 min for
films and 2 h for scaffolds), the samples were rinsed to
remove unattached cells. The fibroblasts attached to the
rS1/9 scaffold were incubated for up to 2 weeks. The
culture medium was changed every 2 days. Cell attachment
and proliferation were studied using scanning electron
microscopy (SEM) and CLSM. After the completion of cell
culture, the scaffolds were fixed for 30 min in 4% parafor-
maldehyde and treated for 10 min with 0.1% Triton X-100
in PBS. Cell nuclei were stained with SYTOXV

R

Green (Invitro-
gen, Carlsbad, CA) and counted in CLSM images. An area of
4.2 mm2 of each thin film and a volume of 2.55 mm3 of
each 3D scaffold were examined. The depth of scaffold
samples was studied up to 600 lm. The calculations were
performed using 3D for LSM Version 1.4.2 (Carl Zeiss) and
Imaris 6.1.5 (Bitplane AG, Zurich, Switzerland).

Implantation of the rS1/9 scaffolds
Five 12-week-old locally bred female BALB/c mice were
used for implantation. All procedures of animal keeping and
handling were performed according to the protocols
approved by the Animal Care and Use Committee, in compli-
ance with the guidance of the Ministry of Health Care and
Social Development of the Russian Federation, document no.
755 issued on December 8, 1977, and the World Medical
Association’s Declaration of Helsinki (2000). During surgical
procedures, mice were anesthetized by Zoletil 100 injected
intraperitoneally (Virbac Laboratories, Carros, France)
(5 mg/100 g). The bar-shaped rS1/9 scaffolds were asepti-
cally implanted into midline dorsal subcutaneous areas.

Histology
The samples were harvested 8 weeks after surgery and
fixed in Bouin’s fixative solution. Samples were dehydrated
in a series of alcohols, embedded in HistomixV

R

(BioVitrum,
Russian Federation) and cut into 5-lm slices. Sections were
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deparaffinized, rehydrated, stained with hematoxylin and
eosin, and visualized with a Zeiss Imager A1 (Zeiss) and a
high-resolution camera AxioCam MRc 5 (Zeiss).

Statistical analysis
Statistical analysis was performed using analysis of variance
test.

RESULTS

The rS1/9 scaffolds: Structure, mechanical
properties, and degradation
Scaffolds were prepared by salt leaching method from puri-
fied rS1/9 protein, a recombinant analogue of spidroin 1
from N. clavipes. The structure of scaffolds was examined
using SEM or CLSM in aqueous environment. Figure 1(A)
shows a SEM cross-section of the scaffold. The macropores
of scaffolds are interconnected via channels and openings.
Additionally, the aggregated rS1/9 molecules spontaneously
formed a sponge-like microporous structure of the walls of
macropores [Fig. 1(B,C)]. The micropores were also inter-
connected and formed a network because of openings on
the surface of walls. The micropores were 2–10 lm in
diameter.

Mechanical tests were conducted to estimate the tensile
strength and extensibility of the bar-shaped porous scaf-
folds. The tensile strength of scaffolds was 18 6 5 N/cm2,
and the extensibility was >50%. Studies of scaffold degra-
dation showed that the scaffolds were quite stable in PBS
but degradable by oxidation in Fenton’s reagent by 11th
week (p < 0.05 between weeks 1 and 11; Fig. 2).

Cell adhesion and growth on the rS1/9 films
The ability of the rS1/9 biopolymer to support cell adhesion
and proliferation in a culture on the surface of the rS1/9
films was studied. Average number of fibroblasts per 1 mm2

of the film and total amount of grown cells are shown in
Figure 3. The total cell number increased both on biopoly-
mer films and glass surface (control) for up to 4 days (p <

FIGURE 1. Structure of the rS1/9 scaffolds. (A) SEM image of inter-

connected, porogen-generated macroporous structure. (B) SEM image

of spontaneously formed sponge-like microporous structure of the

walls of macropores. (C) CLSM image of optical cross-section of the

scaffold shows microporous structure preserved in aqueous environ-

ment. The scaffolds were conjugated with tetramethyl rhodamine iso-

thiocyanate. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.] FIGURE 2. Degradation of the rS1/9 scaffolds in PBS and in Fenton’s

reagent. The scaffolds were stable in PBS but were destroyed in

Fenton’s reagent. The data are mean 6 standard deviation of three

independent measurements. Significant differences were detected

between PBS and Fenton’s reagent groups after week 2 of incubation

(p < 0.05).
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0.01 between ‘‘day 0’’ and ‘‘day 4’’ groups). Importantly, the
number of cells grown on the rS1/9 films was greater than
that on the glass (p < 0.01).

Next, the ability of the rS1/9 scaffolds to maintain cell
adhesion and proliferation was tested. Typical spread mor-
phology of 3T3 fibroblasts on the microporous surface of
the rS1/9 scaffolds was observed (Fig. 4). Average number
of cells per mm3 of each sample was determined using
stacked CLSM images that allow for a noninvasive observa-
tion of cells inside the scaffold [Fig. 5(A)]. Proliferation of
3T3 fibroblasts was determined by calculating the number

of cells in scaffolds after 1, 3, and 14 days. The increase in
the number of cells [p < 0.01; Fig. 5(B)] during incubation
with scaffolds was observed. After 2 weeks, cell distribution
inside the scaffold changed gradually from a nonuniform
(p < 0.05 between the layers) to uniform (p > 0.05) pat-
tern. The rate of proliferation varied with the depth of the
rS1/9 scaffold. The number of cells increased 11-fold at
depth more than 300 lm and only 2.5-fold with depth up to
150 lm (Table I).

FIGURE 3. Culture of 3T3 fibroblasts on the rS1/9 films. CLSM images

were used for quantification. The data are mean 6 standard deviation

of five independent measurements. Significant difference was

detected between the quantities of cells on the glass surface versus

the film and between the first and the last time points for both glass

and film surfaces (p < 0.01).

FIGURE 4. SEM image of 3T3 fibroblasts on the surface of macro-

pores of the rS1/9 scaffold. Cells were grown on the scaffold for

9 days. Scaffolds were processed for SEM and cut. The view shown is

from the inner side of the scaffold (300 lm from the surface). Note

the spread morphology of cells on the surface of scaffolds. Openings

of the micropores are visible.

FIGURE 5. Culture of 3T3 cells inside the rS1/9 scaffolds. (A) CLSM images were used for cell quantitation. Nuclei were visualized with SYTOX

Green. Microstructure of the scaffolds was visualized using tetramethyl rhodamine iso-thiocyanate. (B) Increase of cell number within the scaf-

fold. The data are mean 6 standard deviation for five measurements. Statistically significant differences were found between 3-day and 14-day

groups versus 1-day group as well as between days 14 and 3 (p < 0.01). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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In vivo biocompatibility of the rS1/9 scaffolds
The rS1/9 scaffolds implanted subcutaneously in BALB/c
mice caused no serious pathological signs. After 8 weeks,
the scaffolds were incompletely enveloped by thin vascular-
ized tissue. A significant tissue ingrowth was observed: the
macropores of scaffolds were infiltrated with the host
fibrous and adipose tissue elements (Fig. 6). Cells of
invaded tissue were tightly attached to the surface of the
implant, demonstrating good adhesive properties of scaffold
surface in vivo [Fig. 5(A,B)]. Scaffolds were infiltrated with
macrophages and single multinuclear giant cells, comprising
a foreign-body-type reaction [Fig. 6(B)]. The rS1/9 scaffolds
lost their structural integrity, and the walls of macropores
were perforated [Fig. 6(A)]. A significant vascularization in
implanted scaffolds was observed [Fig. 6(B)]. Furthermore,
an ingrowth of nerve fibers was detected in the implanted
scaffolds [Fig. 6(B,C)]. Dense connective tissue formed a
sheath around the nerve fibers. Inside the connective tissue,
the axon bundles were grouped together to form nerve
fascicles. The axis cylinders of some nerve fibers
were enclosed within myelin sheath. The nuclei of glial cells
were visualized around myelinated and nonmyelinated
nerve fibers [Fig. 6(C)].

DISCUSSION

Spider silk is an attractive material for tissue engineering
because it possesses a unique combination of physicochemi-
cal properties such as elasticity and toughness, biodegrad-
ability, and resistance to environmental cues.15 The biopoly-
mer rS1/9 reproduces conformational characteristics and
properties of natural analogue, including ability to form sub-
molecular forms and aggregates (nanofibrils, films, capsules,
and threads). There is an inverse correlation of recombinant
protein length and its yield; nevertheless, relatively long-
length analogues of a protein can be effectively produced in
bacterial or yeasts cells.16 The main advantage of recombi-
nant proteins is the possibility to modify the structure by
inserting an additional amino acid sequence for high cell -
adhesion (RGD) or biologically active molecules.17,18 The
rS1/9 biopolymer has promising physical and chemical
properties and may be used for preparation of fibrils and
thin films.12,13 Here, the salt leaching technique was applied
to form rS1/9 scaffolds. The prepared scaffolds have inter-
connected macroporous structures [Fig. 1(A)], a prerequisite
for a cell culture. In addition to macropores, the scaffolds
also have a spontaneously formed microporous structure
[Fig. 1(B,C)] that enhances the interconnectivity. The rS1/9
biopolymer has been shown to spontaneously adopt a

TABLE I. Distribution of 3T3 Cells Within rS1/9 Scaffolds

Scaffold Layer
(Depth, lm)

Number of Cells (%)

1 Day 2 Weeks

0–150 58 6 7 27 6 8
150–300 31 6 3a 40 6 4
300–450 11 6 8a 33 6 4

a p < 0.05 compared with 0–150 lm layer. N ¼ 3.

FIGURE 6. Hematoxylin and eosin staining of histological sections of
the rS1/9 scaffolds. Scaffolds were implanted subcutaneously in BALB/c
mice for 8 weeks. (A) Penetration of connective tissue cells into the scaf-
fold. (B) Ingrowth of vascularized tissue with nerve fibers. White arrow
denotes a vessel, black arrows denote nerve fibers. (C) Magnified image
of a nerve fiber (shown in a square in B).
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similar structure in films.13 The spontaneously formed scaf-
fold microstructure described in this study has not been
reported so far. The micropore-like structure of rS1/9 scaf-
folds and films might be a specific feature of rS1/9 protein.
Natural spider fibrils do not seem to possess microporous
structure,16 and the shorter analogues of spidroin (e.g.,
small-length analogues of silk of spiders Euprosthenops aus-
tralis19 and Araneus diadematus20) do not form microporous
structure on aggregation.

Mechanical properties of silk biopolymers are associated
with a structural transition from nonorganized loops to
beta-sheet conformations. Treatment of the rS1/9 biopoly-
mer with ethanol, a procedure used in preparation of scaf-
folds, promotes this structural transition.21 However, unlike
natural spider silk, rS1/9 protein is small (molecular weight
is �94 kDa). Despite the fact that rS1/9 protein is capable
of spontaneous conformational transition to a highly crystal-
line structure,13 the structure should be weaker because of
a small size of the rS1/9. The tensile strength of scaffolds is
lower than that of the rS1/9 fibers, supposedly because of a
noncompact, ruptured surface prone to cracking. Other
authors have also shown that currently available recombi-
nant spidroin 1 are less strong than natural polymer
fibers.13,22,23

The structure of the rS1/9 scaffold, being stable in PBS,
can be rapidly destroyed in vitro by oxidizing Fenton’s rea-
gent (Fig. 2). Such model mimics the conditions observable
in an acute tissue response.24 One may hypothesize that the
sensitivity to oxidation might be beneficial for biodegrada-
tion at the sites of implantation because the scaffolds could
be replaced by host tissues.

The characteristics of the polymer-formed substrate and
the structure of the surface are crucial for cell adhesion and
proliferation. Some natural spider silks have been success-
fully used as a substrate material for cell culture,19,25,26

whereas, in some reports, the spider silks evoked unfavora-
ble effects on eukaryotic cells.17,27 Data on in vitro biocom-
patibility of natural silk of N. clavipes is limited; however,
several modified recombinant spidroin 1 proteins demon-
strated good biocompatibility.28–30 The rS1/9 biopolymer
supported cell adhesion and proliferation, as determined by
a higher adhesiveness of the rS1/9 compared with glass
support (Fig. 3). Moreover, the number of cells on the sur-
face of the rS1/9 films increased with a higher rate than in
control. Thus, the substrate properties of the rS1/9 make
this biopolymer suitable for eukaryotic cell culture.

The macroporous and microporous interconnected struc-
ture of scaffolds is a prerequisite for a long-term cell cul-
ture. An interconnected structure enables cells to migrate
deeply inside the scaffold; furthermore, such structure
allows for gas exchange, effective nutrient supply, and meta-
bolic waste removal. Furthermore, the microstructure of the
scaffolds contributes to cell adhesion.1,31–35 Scaffolds with a
generated microporous structure have been used for cell
culture.31,36,37 The surface openings of the micropores and
their diameter can also influence the adhesion and growth
of cells.35,38 Typical spread morphology of fibroblasts inside
the scaffold was observed (Figs. 4 and 5). The time course

of cell distribution revealed that the cells could migrate
inside the scaffold (Table I). These data strongly suggest
that the complex structure of the rS1/9 scaffolds forms an
environment suitable for cell culture.

Until now, investigations of postimplantation biocompat-
ibility of spider silks in tissue engineering have been limited
to natural spider silk of A. diadematus25 and a recombinant
analogue of silk of E. australis.39 Natural silk of Nephila
spider was used for guiding nerve growth in vivo.40 The
scaffolds of macroporous and microporous structure were
well tolerated by animals for at least 60 days. A significant
tissue ingrowth and the replacement of scaffold material
with newly formed tissue (Fig. 6) were detected. The inter-
connected structure of the scaffold promoted homogeneous
tissue ingrowth. The observed infiltration of the implanted
scaffold with macrophages and giant cells is a typical
foreign body response. This reaction was mild and compara-
ble with the reported tissue reaction to silk implants.39,41,42

Accumulation of macrophages and their functional activ-
ities are modulated by the microporous structure of the
implant9,43 and the diameter of the openings of the micro-
pores. Macrophages play a critical role in silk scaffold degra-
dation, promoting the replacement of scaffold with the host
tissue. The material properties such as the structure, the
microporous texture of the surface, and the accumulation of
macrophages9,43,44 could contribute to the ability of the
implants to support angiogenesis. A significant vasculariza-
tion of the rS1/9 scaffold (Fig. 6) proves that the conditions
for de novo vessel formation were favorable. Finally, the
ingrowth of nerve fibers into implanted scaffolds demon-
strated in this study seems to be an interesting and a rarely
reported event. This phenomenon can be related to the
accumulation of macrophages45 and angiogenesis inside the
implanted scaffolds.46

CONCLUSIONS

The rS1/9 scaffolds possess a unique microporous structure
of the walls of macropores. Scaffolds are stable in PBS and
can degrade in oxidizing environment with weight decreas-
ing up to 90% after week 11 of incubation. The rS1/9 scaf-
folds show good biocompatible properties in vitro and in
vivo. After implantation, scaffolds promote ingrowth of fi-
brous, nerve, and adipose tissue elements, as well as angio-
genesis. The rS1/9 scaffolds can be applicable in biomedical
tissue engineering.
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