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The biomimetic design of silk/silica fusion proteins was carried out, combining the self-assembling
domains of spider dragline silk (Nephila clavipes) and the silaffin-derivedR5 peptide ofCylindrotheca
fusiformis that is responsible for silica mineralization. Genetic engineering was used to generate the
protein-based biomaterials, incorporating the physical properties of both components. With genetic
control over the nanodomain sizes and chemistry, as well as modification of synthetic conditions for
silica formation, controlledmineralized silk films with different silicamorphologies and distributions
were successfully generated as three-dimensional (3D) porous networks, clustered silica nanoparticles
(SNPs), or single SNPs. Silk serves as the organic scaffolding to control the material stability, and
multiprocessing makes silk/silica biomaterials suitable for different tissue regenerative applications.
The influence of these new silk-silica composite systems on osteogenesis was evaluated with human
mesenchymal stem cells (hMSCs) subjected to osteogenic differentiation. hMSCs adhered, prolife-
rated, and differentiated toward osteogenic lineages on the silk/silica films. The presence of the silica
in the silk films influenced osteogenic gene expression, with the upregulation of alkaline phosphatase
(ALP), bone sialoprotein (BSP), and collagen type 1 (Col I) markers. Evidence for early bone
formation as calcium containing deposits was observed on silk films with silica. These results indicate
the potential utility of these new silk/silica systems toward bone regeneration.

Introduction

Biomaterials with tunable nanoscale features can offer
improved performance for in vivo applications.1 Silica is
widely used in industry, medicine, and nanotechnology
applications where structural control is necessary but also
challenging.2,3 Here, we describe a new procedure using
ambient conditions, for the unusual and detailed control
of silica morphology and distribution on the surface of
silk films utilizing genetically engineered chimeric pro-
teins. A genetic combination of spider dragline silk
sequence (Nephila clavipes) and the silaffin-derived R5
peptide of the diatom (Cylindrotheca fusiformis) led to the
bioinspired synthesis of 3D porous silica networks, clus-
tered silica nanoparticles (SNPs), or single/isolated SNPs.
We anticipate that these silica-based biomaterials will
have applications in tissue regeneration and drug deliv-
ery, because of the ability to regulate the location and
morphological features of the silica. The silk component
serves as an organic scaffold that controls material stabi-
lity and allows multiple modes of processing. Silica serves
as an important osteoinductive element with potential

control of remodeling rate and tissue regeneration out-
comes in vivo. In addition, silicon-derived nanostructures
with strong morphological and spatial control are attrac-
tive for use in electronics,4 biosensors,5 microfluidic
devices,6 and DNA microarray technology.7 The novelty
in material design also allows for applications in
biodopants8 and protein-silica nanocomposites.9

Silica biomineralization has attracted much attention,
because of the remarkable morphological control of silica
nanopatterns synthesized in vivo that exceed current syn-
thetic and technological capabilities in vitro. Examples of
controlled silica biosynthesis are the skeletal architectures
from diatoms formed under physiological conditions
(aqueous environment, neutral pH, low temperatures)
and driven by biomolecules,10,11 in contrast with harsh
industrial synthesis conditions. Studies to date show wide-
spread bioapplications of porous silica nanostructures in
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drug delivery,12 targeted therapies,13 and cell labeling,
where internalization shows no cytotoxic effects.14 Silica
can also be easily derivatized to immobilize antibodies or
proteins, and once supported on a stable scaffold carrier,
they can be excellent implantmaterials. Silica nanoparticles
enhance and stabilize the fluorescence of encapsulated
organic dyes15 and, when bioconjugated, find applications
in imaging, sensing, targeting, and detection of single cells.
Also, inorganic-organic silica hybrids havepotential use in
optoelectronics,16 molecular machines,17 tunable lasers,18

or electrodes for biofuel cells.19

Silica nanostructures of different morphologies and
distributions synthesized on silk films have not been pre-
viously fabricated. Other bioinspired silica particle
formation,20 as well as silica structures with different
morphologies (arch shapes, fibers),21 have appeared. The
present work represents a new type of biomaterial with
many benefits. First, silk/silica binding chimeric proteins
precipitate silica in situ,22 at room temperature with com-
mercially available reagents, without the need for specia-
lized equipment. Second, silks self-assemble into highly
stable β-sheet structures23 with remarkable mechanical
properties that improve material properties and stability
against organic solvents,water, and strongacids andbases.
Third, the biodegradability of silk24 and the aqueous
processing conditions for silica mineralization make it
suitable for use in living tissues. Furthermore, since the
sizes and distributions of the silica component can be
controlled in the bioengineering process, new levels of
control of degradation lifetime can be tailored into the
materials. Fourth, silks can be processed into fibers,25

films,26 porous matrices,27 or hydrogels.28 Finally, surfac-
tant-free silica nanostructures offer silanol groups that can
be utilized for a diverse range of applications.

The objective of the current study was to design, clone,
and express a new family of silk-silica fusion proteins,
wherein silica morphology and distribution could be
controlled to a high degree, and osteogenesis would be
promoted from stem cells.

Experimental Section

Chemicals. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO,USA) or Fluka (Milwaukee, WI, USA)

and used without further purification. Cell medium ingredients

were purchased from Invitrogen (Carlsbad, CA, USA) and

Sigma-Aldrich.

Preparation of Silk/Silica Chimeric Proteins. Silk/silica chi-

meric proteins were genetically engineered and expressed using

our previous procedure.22 Expressed proteins were purified

using Ni-NTA resin (Qiagen, Valencia, CA, USA) and dialyzed

(membrane MWCO 2000 g mol-1; Pierce, Woburn, MA, USA)

in a 100 mM phosphate buffer at pH 5.5 for 1 day, changing

buffer 2 times, and against distilled water for 3 days, changing

the water 3 times a day. The silk solutions were freeze-dried to

obtain the protein powder.

Preparation of Silk and Silk/Silica Films. Hexafluoro-2-pro-

panol (HFIP)-based silk solutions were prepared at a concen-

tration of 2.5% and 5% wt/vol and stirred overnight to ensure

complete protein dissolution. Next, 50 μL of the silk solutions

were cast on the bottom of polystyrene boat used subsequently

for scanning electron microscopy (SEM) imaging and 24-well

tissue culture plate (TCP) used for cell culture. Films were left to

dry for 24 h. Next, 2 mL of 90%methanol solution in water was

added to each boat and incubated for 10 min to induce β-sheet
formation in the silk films. Next, the 2.5 and 5% silk films were

soaked in 2 mL of 5.5 mM phosphate buffer for 30 min. After

that, 200 µL of mineralizing solution containing prehydrolysed

tetramethyl orthosilicate (TMOS) was added to the phosphate

buffer and films were incubated for 1 h to form silica deposits on

silk film surface. Also, 2.5% silk films in phosphate buffer were

treated with 500 µl of mineralizing solution containing glycerol

(99%) at 60% vol/vol. All films were rinsed well with ultrapure

water and dried in air. Methanol was then removed and films

were left to dry overnight in a fume hood. This step was used to

generate silk films that were stable in an aqueous environment

and suitable for cell culture. Films were sterilized with 70%

ethanol, left to dry, and placed under UV light for 5 min in a

laminar flow hood. TCP only was used as a control. Prior to cell

seeding, 1 mL of cell culture medium was added to each well,

soaked for 30 min, and then aspirated.

Human Mesenchymal Stem Cells (hMSCs). Bone marrow

aspirate from a young healthy donor was obtained from Lonza

(Walkersville, MD). Frozen low-passage (2 or 3) human me-

senchymal stem cell (hMSC) stocks were thawed and suspended

in a growth medium containing high-glucose Dulbecco’s mod-

ified eagle medium (DMEM) supplemented with 10% fetal

bovine serum, 1% antibiotic/antimycotic, 1% nonessential

amino acids, and 10 ng of basic fibroblast growth factor

(bFGF). The cells were plated onto the silk and silk/silica films

at a density of 5000 cells/well in a 24-well plate and kept in a

humidified incubator at 37 �C and 5% CO2. The cells were

cultured in hMSC media until 85% confluency, and then the

mediumwas changed to an osteogenic medium containing high-

glucose DMEM supplemented with 10% fetal bovine serum,

1% antibiotic/antimycotic, 1% nonessential amino acids,

100 nM dexamethasone, 10 mM β-glycerolphosphate, and 0.05 mM

L-ascorbic acid 2-phosphate. The medium was changed every
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3-4 days. Cell growth and shape were monitored using a phase-

contrast light microscope (Carl Zeiss, Jena, Germany) equipped

with a Sony Exwave HAD 3CCD (Sony Electronics, Inc., USA)

color video camera.

Gene Expression Using Real-Time RT-PCR Analysis. After

osteogenic culture, the cells from three separate wells of each type

were lysed in 0.35 mL Buffer RLT (Qiagen No. 79216, Valencia,

CA, USA) containing 10%mercaptoethanol, followed by shred-

ding in a QIAshedder (Qiagen No. 79656). RNA was isolated

from the cells using an RNeasy Mini Kit (Qiagen No. 74106).

From this RNA, cDNA was synthesized using a High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems No.

4368814,Framingham,MA,USA), following themanufacturer’s

instructions. The cDNA samples were analyzed for expression of

alkaline phosphatase, collagen type I, and bone sialoprotein,

relative to the GAPDH housekeeping gene, using Assay-on-

Demand Gene Expression kits with TaqMan Universal PCR

Master Mix (ABI #4364340, Applied Biosystems AoD probes,

Framingham,MA,USA). The data were analyzed using the ABI

Prism 7000 Sequence Detection Systems software.

SEM Characterization Parameters. After 2 weeks of osteo-

genic culture, the basal parts of the tissue culture dishes were

removed and fixed in 2.5% vol/vol glutaraldehyde solution in

phosphate-buffered saline (PBS) for 30 min. Next, the samples

were washed in deionized water (DI) water and dehydrated via

20 min of incubation in a series of ethanol-in-water solutions

(10%, 30%, 60%, 80%, 90%, 100% vol/vol). Surface morpho-

logy down to the nanometer levels was evaluated using a Carl

Zeiss (Carl Zeiss SMT, Germany) Ultra 55 field emission

scanning electron microscopy (FESEM) system operating at

an accelerating voltage of 10 kV and using an in-lens ion annular

secondary electron detector. The bottom of the tissue culture

plate (TCP) well with cast filmwas cut and coated with a carbon

layer (Baltec Carbon Coater, model MED-020, Liechtenstein)

to ensure sample conductivity necessary for imaging. Elemental

composition of the silk film surface was evaluated using an

energy-dispersiveX-ray analysis (EDAX) spectrometer thatwas

connected to the SEM instrument.

Results and Discussion

Scheme 1 shows the strategy for biomaterial formation
and mineralization method that led to three types of silk/
silica surfaces. Five percent (5%) and 2.5% wt/vol silk
films produce two different morphologies of silica depos-
its: a three-dimensional (3D) dense network and aggre-
gates of SNPs distributed over the silk surface,

respectively. Silica was deposited on the silk film surface
presumably through electrostatic interactions of nega-
tively charged silica species and the R5 peptide.22 The
additional positive charge on the silk surface was induced
via charged imidazole groups of the N-terminal histidine
tag, which enhanced silica deposition.29,30 Also, 2.5% silk
films produced dispersed SNPs on the silk film surface
when glycerol was present in the mineralizing solution.
The addition of glycerol aids in the dispersion of SNPs on
the silk film surface, likely through stabilization of SNPs,
thus preventing aggregation. Figure 1 compares silica
morphologies and distribution on the surface of silk films
formed under the different conditions. Figures 1A and 1B
show SEM images of a 5% silk film after the silicifica-
tion reaction. The surface exhibits silica nanostructures

Scheme 1. Method To Control Silica Distribution on Silk Films

Figure 1. SEM images of (A,B) 5%, (C,D) 2.5%, and (E,F) 2.5%
(glycerol) wt/vol silk films with silica nanostructures.
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arranged in dense 3Dnetworks, consistent with themodel
in Scheme 1. The abundance of positive charges expected
for 5% silk films induces a strong attraction for silica
species to the surface of the silk film, causing the immedi-
ate precipitation of silica that uniformly covers the entire
silk film surface. The high microporosity of the silica
deposits increases the amount of surface hydroxyl groups
that can be functionally modified, forming new inorga-
nic-organic hybrids. This type of material can become
compatible in various solutions and is currently being
examined for its potential as a drug delivery vehicle.
Figures 1C and 1D show SEM images of SNPs precipi-
tated on a 2.5% silk film surface. The surface contains a
lower overall density of silica nanostructures (2.4 μm-2),
as compared to 100% coverage discussed above, and,
more importantly, the silica morphology changed drasti-
cally with predominant clusters of SNPs, compared to the
widespread porous network observed for the 5% silk
films. The average diameter of SNPs is fairly uniform
(400 ( 90 nm). The decreased concentration of silk
reduces the overall content of R5 peptide and histidine
moieties on the film surface, which leads to localized
distribution of positive charges and local precipitation
of SNPs. The addition of glycerol to the silicification
reaction on 2.5% silk films changes the SNP distribution
on the surface of silk films, as shown in Figures 1E and
1F. The surface is covered with uniformly spread isolated
SNPs with a density of 1.6 μm-2. The nanometer size
range and separation of SNPs over large areas offers
unique properties of this biomaterial, with respect to
applications in tissue engineering. The surfactant-free
SNP surfaces can be easilymodified for targeted therapies
or for imaging.
The effect of methanol treatment on silk films was

evaluated to induce a structural transition from random
coil to secondary β-sheet structure,31 which is the stable
protein conformation in an aqueous environment. The
tendency of the films to form β-sheets can be evaluated
using Fourier transform infrared (FTIR) spectroscopy by
analyzing amide I (1600-1700 cm-1) and amide II (1500-
1600 cm-1) regions of the silk film spectrum, as shown in

Figure 2. The characteristic peak at 1627 cm-1 corresponds
to the N-H stretch and indicates hydrogen bond and
β-sheet formation within the film, after solvent treatment.
The silica formation on silk/silica films was confirmed

by EDAX analysis, and a representative spectrum is
shown in Figure 3. The presence of silicon and oxygen
peaks at 1.74 and 0.623 keV, respectively, indicate that the
nanostructures observed in SEM images (Figure 1) ori-
ginate from silica. The oxygen content is partially attrib-
uted to the underlying silk film, as well as carbon (also
coating) and nitrogen.
Enhancement of new bone formation with silica-con-

taining bone implants has already been established. Never-
theless, the use of nanostructural silica in a supporting

Figure 2. Comparison of FTIR spectra of silk film before and after
methanol treatment. Methanol induces β-sheet formation within the silk
film, as shown by a shift in the Fourier transform infrared (FTIR)
spectrum.

Figure 3. EDAX spectrum of silk/silica film exhibiting strong peaks for
elemental silicon and oxygen, which confirm that nanostructures ob-
served on the surface of silk film originate from silica.

Figure 4. Optical microscopy images of hMSCs on 5% wt/vol silk films
mineralized with silica (A) before and(B) after differentiation into osteo-
genic lineages.

(31) Murphy, A. R.; St. John, P.; Kaplan, D. L. Biomaterials 2008, 29,
2829–2838.
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matrix is often desired to enable material biodegrada-
tion within appropriate time frames, matching the rates
of new bone tissue formation. It was also shown that
primary human osteoblasts adhere better to roughened
mineral surfaces.32We tested our silk/silica films to support
the hMSC growth and osteogenic differentiation. Control
samples were silk film only without silica mineralization
andTCP.Cells showedgood adhesion to all silk/silica films
and proliferation rates reaching 85% confluence on day 5,
the starting point of osteogenic differentiation. Cells grown
on plastic reached 95% confluence on day 5, showing
similar growth rates. Cell morphology was examined by
lightmicroscopy at two timepoints: 5 days after cell seeding
and 2 days after differentiation into osteogenic lineage.
Before differentiation, similar cell densities and morpholo-
gies were observed on all silk films, showing spindle-like
shapes characteristic of undifferentiated fibroblastic
hMSCs, with an example morphology shown in Figure 4A.
After 2 days of osteogenic stimulation, cells spread evenly
on silk film surfaces, forming a thin coating with closely
packed flattened cells, as can be observed in a representa-
tive image in Figure 4B. No differences in cell morphology

were observed between the silk/silica samples and the con-
trol samples, although after 2 weeks of osteogenic culture,
some detachment and cell clustering was observed for cells
grown on TCP and silk only but not on silk/silica films.
The ability of silica dissolution ions to enhance new

bone formation has already been established with bioac-
tive glasses commonly used as bone implants.33,34 We
further evaluated silk/silica films for the ability to mod-
ulate hMSC differentiation. Expression of bone-specific
markers was quantified using real-time RT-PCR after
2 weeks of osteogenic culture. Figure 5A shows that
alkaline phosphatase was upregulated on all silk/silica
films, with respect to the control samples (silk only and
TCP). Figure 5B shows that bone sialoprotein (BSP) gene
expression was upregulated when the cells were cultured

Figure 5. Osteogenic gene expression of cells grown on 5% wt/vol silk
films with silica or silk only (denoted as “Silk”) and tissue culture plastic
(denoted as “TCP”) after exposure to osteogenic stimulants for 2 weeks:
(A) alkaline phosphatase (ALP), (B) bone sialoprotein (BSP), and (C)
collagen I (Col I). Each column represents the mean and standard
deviation of N = 3 independent cultures. P < 0.05.

Figure 6. SEM image and EDAX mapping of 5% wt/vol silk film with
silica after 2 weeks of hMSC osteogenic culture.
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on 5% silk films mineralized with silica, with respect to
the control samples. Expression of collagen I also was
elevated on 5% silk films mineralized with silica in
osteogenic culture, when compared to the controls. The
upregulation ofALPon all silk/silica films, BSP andCol 1
on 5% silk/silica film in osteogenic culture suggests the
influence of silica’s presence on gene expression toward
upregulation of osteogenesis. Also, since BSP upregula-
tion is an indication of early apatite nucleation,35 we
further tested 5% silk/silica film with EDAX mapping
to evaluate the calcium presence. After 2 weeks in osteo-
genic cell culture, we observed calcium mineral deposits
on 5% silk/silica film surface (Figure 6), which is themain
component of early apatite. The silicon signal was also
observed, indicating residual silica minerals.

Conclusions

Amethod to control silica deposition on the surface of
stable silk films was demonstrated. Different mineral phase
loading and morphologies can be tailored synthetically,

thus altering the biomaterial properties. The size scale, the
all-aqueous conditions, and room-temperature processing
offer in situ reactions in tissue-compatible environments to
replace currently used bulk silica or bioactive glasses, as
well as benefits for imaging and delivery.36 Bioengineering
offers fine control over the protein design, in terms of
nanodomain size, chemistry, and morphology to regulate
the biomaterial properties. This approach can be extended
to introduce alternative fusions of inorganic phases for
other applications. Preliminary studies with human me-
senchymal stem cells (hMSCs) show support of silk/silica
films toward cell attachment and upregulation of osteo-
genic gene markers, the latter pronounced highly on 5%
silk film with porous silica network. These results indicate
that silk/silica system enhances osteogenesis.
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