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Abstract
The formation of silk protein/clay composite biomaterials for bone tissue formation is described.
Silk fibroin serves as an organic scaffolding material offering mechanical stability suitable for
bone specific uses. Clay montmorillonite (Cloisite ® Na+) and sodium silicate are sources of
osteoinductive silica-rich inorganic species, analogous to bioactive bioglass-like bone repair
biomaterial systems. Different clay particle-silk composite biomaterial films were compared to
silk films doped with sodium silicate as controls for support of human bone marrow derived
mesenchymal stem cells (hMSCs) in osteogenic culture. The cells adhered and proliferated on the
silk/clay composites over two weeks. Quantitative real-time RT-PCR analysis revealed increased
transcript levels for alkaline phosphatase (ALP), bone sialoprotein (BSP), and collagen type 1 (Col
I) osteogenic markers in the cells cultured on the silk/clay films in comparison to the controls.
Early evidence for bone formation based on collagen deposition at the cell-biomaterial interface
was also found, with more collagen observed for the silk films with higher contents of clay
particles. The data suggest that the silk/clay composite systems may be useful for further study
toward bone regenerative needs.
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1. INTRODUCTION
Bone regeneration is an active process that recapitulates skeletal development. Bone loss
caused by bone diseases or fractures represents a challenge in the field in regenerative
medicine, as regeneration depends on several factors including cell-scaffold interactions or
the presence of soluble molecules like cytokines, growth factors, hormones, ions, and
vitamins to support osteogenic regulatory functions [1–3]. Current trends in bone tissue
engineering seek scaffold materials that degrade slowly with rates comparable to new bone
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tissue formation, as well as stimulatory functions promoting osteogenesis. Biomaterials that
fulfill these requirements would aid bone therapies.

Silks are fibrous proteins produced by insects or spiders, and provide structural and
protective functions [4]. Silkworm silk from Bombyx mori is one of the most characterized
silks and consists of the heavy and light chains that form fibers with impressive mechanical
strength. Additionally, aqueous processing conditions, biocompatibility, and
biodegradability of silk fibroin, along with facile chemical modifications, are attractive
features often sought in biomaterials [5,6]. These attributes have led to the incorporation of
silk fibroin into biomaterials in the tissue engineering field for a wide range of biomedical
applications, including osteogenesis [7].

The presence of predominant hydrophobic regions within silk fibroin with repetitive
sequences of GAGAGS, GAGAGY, and GAGAGVGY, is responsible for the formation of
crystalline beta-sheet secondary structures that control the mechanical properties of silk. The
crystallinity can be induced through chemical or physical treatments and the degree of
crystallinity specifies silk degradation rates and stability against aqueous and organic
solvents [8–10]. Moreover, silks can be processed into gels, films, fibers or sponges, all
suitable for different biomedical applications [11–13]. Thus silk fibroin is a suitable material
to use in bone tissue engineering where mechanical strength and slow degradation rate
enable the exchange or transition to fully functional tissue over time in vivo.

Clay minerals are platelets of layered-silicates with high surface area and high aspect ratios.
Montmorillonite (MMT), also known as clay, is one of the most commonly used layered
silicates with the general formula of Mx(Al4-xMgx)Si8O20 [14] and crystal lattice of
octahedral sheets of alumina or magnesium fused between two tetrahedral silica sheets. The
crystal layers are about 1 nm thick and up to several microns long and organize into stacks
with a separating gap filled with alkaline metals that can be easily exchanged with small
molecules [15,16]. The intercalating properties, availability, and relatively low cost make
clays attractive materials for various industrial applications like rheological modifiers for
paints, inks, and greases or additives in plastic materials for food packaging [17,18].
Chemically-modified organoclays have also been studied as sorbents in water purification
system [19,20]. The ease with which clay materials form organic-inorganic hybrids has
resulted in the formation and study of polymer nanocomposites. The improved tensile
properties and thermal stability, and tuning of optical properties or shear thinning, are
examples of the impact of clay on nanocomposite materials [21–25].

The loading capacity of clays into polymers has driven interest in incorporating clays into
biological systems as delivery vehicles for drugs and DNA, as well as for tissue engineering
[14, 26–30]. Clay particles have been employed as additives in dental adhesives to improve
shear bond strength, to tailor tensile/mechanical properties or to impact in vitro degradation
rates, and as encapsulating components within a polymer matrix to enhance cell growth [31–
35]. The use of MMT particles in bone therapies has also been suggested, such as in
engineered scaffolds with improved thermal stability and cytocompatibility and increased
cellular proliferation rates [36, 37].

In the present study silk/clay films were studied as a composite for bone tissue engineering.
The silk films served as the supportive biomaterial while the clay/MMT particles were a
source of osteoinductive silica species. The silk/clay system was studied with human
mesenhymal stem cells (hMSCs) in osteogenic culture to determine impact on bone
outcomes, against silk and silk-sodium silicate (SS) controls.
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2. MATERIALS AND METHODS
2.1. Film Preparation

Bombyx mori silk cocoons (Fiberworks, Beavercreek OH) were cut into pieces and then
boiled for 30 min in 0.02 M Na2CO3 to separate the glue-like sericin proteins from the
structural fibroin proteins. The fibroin extract was rinsed with 18.2 M-Ω deionized water 3
times and air dried for 16hr, followed by dissolving in 9.3 M LiBr solution at 60°C for 4 hr.
The solution, dialyzed against 18.2 M-Ω deionized water using wet dialysis tubes for 48hrs
(6 water changes), was subsequently centrifuged twice at 4,500 × g for 10 min, and the
supernatant was collected and stored at 4°C. Prior to use, the silk solution was filtered
through a 5.0 μm syringe filter. The final concentration of aqueous silk solution was
determined (via dehydration and weighing) to be 8 wt %.

Cloisite® Na+ Nanoclay, a sodium modified montmorillonite (MMT) (Southern Clay
Products in Gonzales, TX) is a 2:1 layered smectite composed of 2 tetrahedral layers of
silicon sandwiching an octahedral layer of aluminum. A stock suspension of 10 mg/ml
MMT in deionized H2O was autoclaved and stored at room temperature. 100 μl aliquots of
MMT were washed 3X with 1 mL deionized H2O and pelleted at 20,000 × g for 5 min, and
the pellet was resuspended in 100 μl of deionized H2O. Aliquots of 25, 50, and 100 μL
washed MMT suspension were added to the silk fibroin solution and manually mixed by
pipette, yielding a final volume of 1 mL. To create a film, 100 μl of silk-MMT was dropped
onto a glass cover slip and rotated at 500 rpm for 15 sec, then 3000 rpm for 45 sec using a
Speedline Technologies P6700 Spin Coater. Films were then immersed in a methanol bath
for 30 min to crystallize. The final concentration of MMT in each film is calculated to be
0.32, 0 .65, and 1.4 wt % respectively.

A fresh sodium-silicate solution was prepared by mixing 210 μl sodium-silicate reagent
grade (Sigma-Aldrich) and 0.5 g Dowex 50 WX8-100 ion exchange resin (Sigma-Aldrich)
(which lowers the pH and subsequently initiates polymerization of sodium silicate) in 1 mL
de-ionized H2O for 30 seconds yielding a 28% sodium silicate solution, then filtered under
vacuum to detach resin from the solution. 500 μl of the filtered solution was mixed with 100
μl PBS buffer (pH 7.4) and used immediately. Aliquots of 25, 50, and 100 μL of the
polymerized sodium-silicate solution were added to the silk fibroin solution and manually
mixed by pipette, yielding a final volume of 1 mL. To create a film, the above mentioned
protocol was followed. The final concentration of sodium silicate in the silk film is
calculated to be 0.575%, 1.15%, and 2.3 % respectively. The films were formed as stated
above.

2.2. Human mesenhymal stem cell (hMSC) studies
Cell medium ingredients were purchased from Invitrogen (CA, USA) and Sigma-Aldrich
(MO, USA). Bone marrow aspirate from a young healthy donor was obtained from Lonza
(Walkersville, MD). Frozen low passage (2 or 3) hMSCs were thawed and suspended in
growth medium containing high glucose Dulbecco's modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 1% antibiotic/antimycotic, 1% non-essential
amino acids, and 10 ng basic fibroblast growth factor (bFGF). The cells were plated onto the
silk films at a density of 5,000 cells/cm2 and kept in a humidified incubator at 37°C and 5%
CO2. The cells were cultured in hMSC media until 80% confluency and then the media was
changed to osteogenic medium containing high glucose Dulbecco's modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum, 1% antibiotic/antimycotic, 1% non-
essential amino acids, 100 nM dexamethasone, 10 mM β-glycerolphosphate, and 0.05 mM
L-ascorbic acid 2-phosphate. The medium was changed every 3–4 days. Cell growth,
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morphology, and immunostaining were monitored using a phase contrast light microscope
(Carl Zeiss, Jena, Germany) equipped with a Sony Exwave HAD 3CCD color video camera.

2.3.Cell viability
The metabolic activity of cells after 2 weeks in osteogenic culture was quantified using the
alamarBlue® assay (Invitrogen, CA, USA) according to the manufacturer's instructions.
Briefly, 1 mL of a solution containing basic medium (DMEM supplemented with 1%
antibiotic/antimycotic and 10% FBS) with 10% alamarBlue® solution was added to 3 wells
from each type of silk film, silk/clay film or tissue culture plastic (TCP), and incubated for 2
h. AlamarBlue® assay was also performed on each type of surface without cells for
background correction. A 100 μL aliquot was then taken from each well, and analyzed for
fluorescence with excitation at 560 nm and recording the emission at 590 nm. Background
fluorescence from the alamarBlue® solution alone was subtracted, and the sample values
from 3 wells of each culture were averaged.

2.4.Gene expression using real–time RT-PCR analysis
After osteogenic culture, the cells from three separate wells of each film type were lysed in
0.35 mL Buffer RLT (Qiagen, CA, USA) containing 10% mercaptoethanol, followed by
shredding in a QIAshedder (Qiagen). RNA was isolated from the cells using an RNeasy
Mini Kit (Qiagen). From this RNA, cDNA was synthesized using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, MA, USA) following the manufacturer's
instructions. The cDNA samples were analyzed for expression of collagen type I, alkaline
phosphatase, and bone sialoprotein relative to the GAPDH housekeeping gene using Assay-
on-Demand Gene Expression kits with TaqMan® Universal PCR Master Mix (Applied
Biosystems AoD probes). The data were analyzed using the ABI Prism 7000 Sequence
Detection Systems software.

2.5. Sample preparation for SEM study and immunostaining
After 2 weeks of osteogenic culture, the coverslips with silk films were removed and fixed
in 5% v/v formaldehyde solution in PBS for 30 minutes. Next, the samples were washed in
DI water and dehydrated by 20 min incubation in a series of ethanol solutions in water
(10%, 30%, 60%, 80%, 90%, 100% vol/vol). Samples then were dried in air and imaged
using field emission scanning electron microscopy (FESEM). Immunostaining of the fixed
cells was performed using antisera from rabbit raised against collagen I (ab292: Abcam,
MA, USA) at a concentration of 4.5 μg/ml. The staining was revealed using the
HISTOSTAIN-SP kit (Invitrogen, CA, USA) that use the Labeled-[strept] Avidin-Biotin
method following the manufacturer instructions. Briefly, the cells were incubated with the
primary antibody followed by biotinylated secondary antibody. Antibody binding was
visualized by streptavidin conjugation and DAB reagent from a kit which will turn brown in
the location of the antibody. Finally the cells were counter-stained with a solution of
hematoxyline staining the cells blue.

2.6. Statistical analysis
The statistical analysis of the results was performed using a two-sided Student s t-test in
Excel with p<0.05 significance.

3. RESULTS
3.1. Cell Growth and Viability

Cells seeded on silk/MMT and silk/SS films showed good adhesion and proliferation. No
cell detachment from the films was observed during expansion as well as during two weeks
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of osteogenic culture. These results were similar for the control samples that included silk
films alone and TCP. Five days after seeding cells reached ~90% confluency and were
subjected to osteogenic stimuli. During the initial growth phase cells showed spindle-like
shapes characteristic of undifferentiated fibroblastic hMSCs (Figure 1), while two days after
differentiation into osteogenic lineages cell morphology changed to uniform and closely
packed flattened cells that covered the film surface. The cell viability was assessed with
alamarBlue® assay performed after 2 weeks of osteogenic culture. The results for cells
grown on silk/MMT and silk/SS films were compared with cells grown on control TCP and
silk films. There was no statistical difference in cell viability for all samples except for the
cells grown on silk/0.65% MMT films, where a slightly lower cell number was found when
compared to the controls (Figure 2). These results indicate that the addition of SS or MMT
to the silk films supported cell-biomaterial interactions and did not cause significant changes
in cell survival on the different biomaterial surfaces.

3.2. Gene expression
Osteogenic gene transcript levels for the cells grown on silk films with SS and high and low
MMT (0.32% and 1.4%) content with respect to the control samples (TCP and silk only)
were evaluated by real-time qRT-PCR (Figure 3). Up-regulation of collagen type I (Col 1)
was found when the cells were cultured on silk films with addition of SS (1.15% and 2.3%)
and MMT (0.32% and 1.4%), with respect to the control samples. The expression of bone
sialoprotein (BSP) was elevated on silk films that contained 0.32 and 1.4% MMT, whereas
the BSP transcript levels on silk films containing SS were comparable to BSP expression on
the control samples. Similarly, alkaline phosphatase (ALP) was upregulated only for cells
cultured on the MMT-containing silk films.

3.3. The formation of extracellular matrix (ECM)
The silk/MMT and silk/SS biomaterials have the potential to induce cells to produce bone-
like extracellular matrices. The formation of extracellular matrix was evaluated by SEM and
immunostaining. Figure 4 shows representative SEM images of silk/MMT samples
revealing the biomaterial surface after two weeks of osteogenic culture. In Figure 4A, the
silk/0.32% MMT film surface was covered with mineral particles. The zoomed in region of
the same sample shown in Figure 4B reveals additional material around the particles with a
few fibrous structures next to the mineral nodules. Increasing the MMT concentration within
silk films to 0.65% resulted in the higher content of mineral nodules on the composite film
surface and the amount of fibrous structures surrounding the particles increased (Figure 4C-
D). The silk films with 1.4% MMT content and closely dispersed MMT particles led to the
formation of fibrous networks interconnected with mineral nodules. The coverage of fibers
increased with increasing amounts of MMT within the silk films (Figure 4E-F), and number
of fibers over 10 μm2 area was equal to 10 ± 5 (0.32 MMT), 31 ± 9 (0.64MMT), and 158 ±
19 (1.4% MMT). There was lower ECM production on silk film only and on TCP (Figure
4G-H). The analysis of silk films with SS showed no evidence for ECM on the films surface
after two weeks of osteogenic culture. The representative images for low (0.575 %) and high
(2.3 %) SS doping are shown in Figure 4, frames I and J, respectively. Immunostaining
demonstrated collagen type I deposition on the silk/clay surface. The representative image in
Figure 5A of a silk/clay film with 1.4% clay content showed collagen fibers (brown stain)
and cells (blue stain). The control negative staining in Figure 5B, performed without primary
antibody against collagen, shows only cells stained blue, and indicates that there are no
nonspecific interactions of secondary antibody with collagen.
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4. DISCUSSION
Enhanced bone formation by silica-rich biomaterials has been established [38]. In the
present work, we aimed to study if clay particles provided osteogenic stimulus to hMSCs
and enhanced the production of bone-related extracellular matrix. We choose clay particles
as an additive to the silk matrix since naturally occurring clay minerals are composed of
osteoinductive silica, as well as magnesium required for healthy bone growth. We expected
increased cell proliferation, differentiation, and consequently enhanced deposition of ECM
components with time in cell culture in response to these inorganic components in the clay.
Good cell adhesion to the biomaterial surface directly influences cell morphology and its
ability to proliferate and induce differentiation, enhancing viability at the same time [39].
Two days after cells were subjected to osteogenic stimuli the morophology changed from
spindle-like shapes characteristic of undifferentiated hMSCs to elongated, flattened cells
closely packed on the silk film surfaces. Moreover after 2 weeks in osteogenic culture cells
adhered well to the biomaterial surface and no cell detachment was observed during culture.

Although clay particles are widely used in industrial applications there are a limited number
of reports that investigate their toxicological effects upon exposure. High doses (~20%) of
organo-modified montmorillonite within a polymer matrix significantly reduced cellular
proliferation [35]. This impact can originate from poor solubility of organo-clay particles as
it was shown that particles with limited solubility can lead to inflammation and release of
reactive oxygen species (ROS) causing genotoxicity [40,41]. The reports on generation of
ROS by natural montmorillonite (Cloisite ® Na+) appear to differ [42,43] and more research
seems to be necessary to establish the sources of potential toxicity. In our studies, we
observed high viability of hMSCs grown on silk/clay (Cloisite ® Na+) surface with the
lowest (0.32 %) load of mineral particles within the silk film after 14 days of osteogenic
culture. The cell viability on silk/clay 0.32 % films was comparable to the viability observed
on control samples that did not contain any additives like silk film only and TCP. The
viability considerably decreased with higher doses of clay particles within silk film. The
presence of 0.64 % and 1.4 % of clay particles may lead to higher concentration of ionic
moieties within cell vicinity leading to slightly lower viability performance. This data
suggests that there might be a threshold value for clay particles load and additional
increasing the amount of clay within silk film could be a source of potential toxicity.

We also evaluated the effects of the silk/clay biomaterials on osteogenic transcript levels
since the silica dissolution ions have been shown to increase the expression of osteogenic
markers [40,44]. The enhanced behavior of osteoblasts subjected to ions derived from
bioactive glass occurs at the gene, protein, and extracellular matrix levels [45]. We expect
slow dissolution of silica-rich clay particles embedded in silk matrix with prolonged time in
culture. The presence of silica ions in the culture media was confirmed by inductively
coupled plasma (ICP) analysis after one week of osteogenic culture, and cumulative silica
ions concentration for all silk/MMT films was in the range between 1.75 and 1.88 ppm. The
ICP results confirmed dissolution of clay particles, and the presence of silica ions suggests
that also other constitutive clay ions might be present in the culture media and influence the
cell behavior. The results of qRT-PCR for the expression of bone specific genes after 2
weeks of osteogenic culture showed statistically significant upregulation of alkaline
phosphatase (ALP), bone sialoprotein (BSP), and collagen type 1 (Col 1) for cells cultured
on the silk/clay films from lowest (0.32%) to highest (1.4%) clay particle content when
compared to gene expression levels on silk film only and TCP control samples. Also, slight
upregulation of Col 1 was observed for cells grown on silk/sodium silicate films when
compared to cells grown on TCP. These findings demonstrate that silk/clay films have
osteoinductive properties which directly affect osteogenesis through the enhancement of the
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expression of bone specific markers. Also, clays are rich in other mineral ions that if
released during particle dissolution could further enhance the osteoblast performance.

The elevated levels of collagen transcript suggest early formation of collagen on the
biomaterial surface. The direct relationship between enhanced collagen type 1 gene
expression and increased formation of extracellular matrix has been previously shown [45].
Bone formation by the hMSCs subjected to osteogenic stimulation follows ECM deposition
in an irregular pattern that subsequently arranges into lamellar structures [46]. Also,
minerals rich in silica promote collagen-fibril self assembly aiding in formation of collagen
fibril “nuclei” [47,48]. The SEM images of the cell-surface interface of silk/clay films
revealed fibrillar structures associated with the mineral nodules. More importantly, a higher
density of fibrils was observed on surfaces with increased content of clay particles within
silk films. Interestingly, no fibrillar structures were observed on silk films doped with SS
which may suggest that the presence of mineral particles within silk film is a necessary
element to promote fibrils self assembly. We validated the samples for collagen by
immunostaining. These stains confirm that the fibrillar structures originate form collagen
and are consistent with the qRT-PCR results for collagen gene expression which indicate the
deposition of collagen-related ECM. These observations show the enhanced effect that silk/
clay biomaterials have on collagen synthesis.

5. CONCLUSIONS
Silk/clay biomaterial composites supported bone-related outcomes in the present study,
suggesting further studies toward bone related applications as composite biomaterials. The
biomaterials supported the attachment, proliferation, and osteogenic differentiation of
hMSCs, maintaining high cell viability. The hMSCs were able to produce the ECM with
concurrent upregulation of osteogenic markers as evidenced by immunostaining and RT-
PCR. The silk/clay system possesses osteoinductive properties and may be interesting
candidate for bone tissue engineering.
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Figure 1.
Optical microscopy images of hMSCs cells grown on silk/clay films before and after
osteogenic differentiation. Frames A-B represent 0.32% silk/MMT films, frames C-D are
0.65% silk/MMT films, and frames E-F show 1.4% MMT films. Frames A,C,E =
predifferentiation, frames B,D,F are 2 days after osteogenic differentiation.
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Figure 2.
Alamar blue metabolic activity assay for cells in medium after 2 weeks of osteogenic
culture. Each column represents the mean and standard deviation of N=3 independent
cultures, and corrected for the background fluorescence of the dye alone. P<0.05.
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Figure 3.
Osteogenic gene transcript profiles for cells after 2 weeks in osteogenic culture. Each
column represents the mean and standard deviation of N = 3 independent cultures. P < 0.05.
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Figure 4.
SEM images of (A-B) silk/ MMT 0.32%, (C-D) silk/MMT 0.65%, (E-F) silk/MMT 1.4%,
(G) silk only, (H) TCP, (I) SS 0.575 %, and (J) SS 2.3 % samples after 2 weeks of
osteogenic culture.
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Figure 5.
Optical microscopy images of immunocytochemistry of collagen (frame A). Collagen fibers
are stained brown while the cells are stained blue. Frame B represents the negative control
(no primary antibody). Immunostaining was performed after 2 weeks of osteogenic culture
on silk/ 1.4 % clay film.
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