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Abstract
The degradation of silk protein films by human mesenchymal stem cells (hMSCs), osteoblasts and
osteoclasts, cells involved in osteogenic functions in normal and diseased bone, was assessed in
vitro. The involvement of specific matrix metalloproteinases (MMPs) and integrin signaling in the
degradation process was determined. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to quantitatively compare degradation by the different cell types
using surface patterned silk films. Osteoblasts and osteoclasts demonstrated significant
degradation of the silk films in vitro in comparison to the hMSCs and the film controls without
cells. The osteoclasts degraded the silk films the most and also generated the highest level of
MMPs 1 and 2. The osteoblasts upregulated integrins α5 and β1 while the osteoclasts upregulated
integrins α2 and β1. There was significant contrast in responses on the silk matrices between
osteogenic cells vs undifferentiated hMSCs to illustrate in vitro the role of cell type on matrix
remodeling. These are important issues in matching biomaterial matrix features and studies in
vitro to remodeling in vivo, in both normal and disease tissue systems. Cell populations and niche
factors impact tissue regeneration, wound healing and physiological state and the ability to better
understand the role of different cell types is critical to overall regenerative outcomes.
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Introduction
One goal of tissue engineering is to regenerate lost or damaged tissue by supporting the
growth or differentiation of desired cell types on biomaterial substrates often designed to
mimic the ECM. In addition, opportunities to generate functional human tissues in vitro to
represent in vivo physiological states, native or disease, is a direction of interest with tissue
engineered systems. The dynamic relationship between cells and biomaterials must be
understood for tissue engineering strategies to be relevant for both goals. Native ECM is
continuously remodeled in vivo by synchronous proteolytic degradation and reassembly by
cells in a complex orchestrated set of events [1]. Similarly, useful bone regenerative
matrices should direct cells to adhere, migrate and degrade the starting biomaterial in order
to activate downstream signaling and regenerate new bone tissue at the repair site [2]. The
rate at which the starting biomaterial matrix degrades and is fully replaced by native ECM
dictates the success of the tissue engineering strategy.

Different matrix features are known to influence the rate and extent of tissue remodeling [3].
For instance, the degradation kinetics of collagen scaffolds and alginate gels affected bone
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tissue formation [4]. Increased rates of degradation of polyethylene glycol (PEG) hydrogels
increased ECM distribution by chondrocytes in vitro [5]. Silk has been used as a biomaterial
for bone tissue engineering [6], and we have previously reported that bone regeneration rate
and morphology can be altered by matching silk scaffold design features to rates of
degradability in vitro [7,8]. The susceptibility of silk to proteolytic degradation by enzymes
like protease XIV, α-chymotrypsin and collagenase 1a, has been investigated [9]. However,
there is a need to better understand the interrelationships of matrix design, matrix
degradation and cell type and interactions related to tissue regeneration. Consequently, in
the present study, the degradation of silk matrices by osteogenic cells in vitro was studied.

Cell adhesion to native ECM is mediated by integrins, which bind to specific amino acid
sequences such as arginine–glycine–aspartic acid (RGD) [10]. As the cells attach to the
matrix, they secrete matrix metalloproteinases (MMPs) which act on specific MMP cleavage
sites. The subsequent degradation by MMPs enables further cell ingrowth into matrices to
carry out bone remodeling [11]. This process involving integrins and MMPs is integral to
osteogenic differentiation. MMP-mediated degradation is involved in the release of bone
morphogenic protein-2 (BMP-2), which signals osteoblast precursor cells to differentiate
and secrete bone matrix [2]. MMPs have been implicated in the controlled degradation of
collagen and other matrix substrates during bone regeneration [11]. However, the
involvement of MMPs in silk degradation during bone regeneration has not been
documented. The collagenase members of the matrix metalloproteinase (MMP) family of
enzymes which target collagen type I, modulate osteoblastic differentiation by degrading
collagen [12]. Since collagen is deposited during osteoblastic differentiation of hMSCs on
silk protein scaffolds [13], the role of MMPs (or collagenases) during osteogenic
differentiation on silk films was determined in the present study.

MMPs are endopeptidases involved in the degradation of ECM components and play an
important role in tissue remodeling and morphogenesis [14]. MMP-1 (collagenase-1) and
MMP-13 (collagenase-3) are key enzymes responsible for degrading type I collagen and
regulating osteoblastic differentiation [11]. In addition, MMP9 (gelatinase B) and MMP13
play critical roles in regulating endochondral ossification, a bone formation process which
relies on ECM degradation [15]. Dysregulation of MMP2 and MMP13 caused osteolytic
diseases, decreased bone mineralization and resulted in defective growth of osteoblasts and
osteoclasts [11,15]. MMP-2 (gelatinase A) is a type IV collagenase, responsible for the
formation of osteocytic canalicular networks which are important for bone remodeling and
mineralization [16]. Matrix-integrin signaling is another important factor directly
influencing osteoblastic differentiation. Type I collagen-induced osteoblastic differentiation
of bone-marrow cells is mediated by collagen-alpha2beta1 integrin interactions, with
osteoblast differentiation inhibited by disrupting α2-integrin- and/or β1-integrin-type I
collagen interactions [17]. Binding of α5β1 to fibronectin is critical to many cellular
processes, including osteoblast and myoblast differentiation [11]. In light of these previous
findings, expression levels of MMP1, MMP2, MMP9, MMP13, ITGA2 (integrin α2),
ITGA5 (integrin α5) and ITGB1 (integrin β1) were assessed in the present study.

A group of secreted proteins known as the tissue inhibitors of metalloproteinases (TIMPs)
perform an important physiological regulatory mechanism to block the proteolytic activity
of MMPs. TIMPs have the ability to attenuate ECM degradation and indirectly influence
ECM-dependent signal transduction by inhibiting MMP activity [18]. Human osteoblasts
constitutively express TIMP-1 [19], which binds to most MMPs, including MMP1, MMP2,
MMP9, MMP13, to form non-covalent complexes and, thereby, block access of substrates to
the catalytic site of MMPs [14,19]. Therefore, TIMP-1 secretion by the cells was assessed to
confirm MMP activity. In order to account for other post-transcriptional modes of MMP
regulation, the secretion of MMPs by the osteogenic cells was also assessed.

Sengupta et al. Page 2

Biomacromolecules. Author manuscript; available in PMC 2011 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The degradation of silk biomaterials with accompanying cell infiltration and the generation
of new ECM is critical for the integration of in vitro grown bone in the body. Therefore, the
goal of the present in vitro study was to assess the degradation of silk films by osteogenic
cells and understand some of the underlying mechanisms. In particular, we were interested
in using this biomaterial matrix as a simplified platform to compare degradation roles by
different cell types, all of which are involved in osteogenic processes, including normal and
disease bone states. The degradation ability of human mesenchymal stem cells (hMSCs),
human osteoblasts and human osteoclasts was therefore assessed within the context of
degradation, MMP functions and integrin signaling. The osteoblasts were differentiated
from the human bone-marrow derived hMSCs [10] and the osteoclasts were differentiated
from human monocytic precursor cells [20,21].

Experimental Section
Patterned silk film fabrication

Cocoons of Bombyx mori were boiled for 30 min in an aqueous solution of 0.02 M Na2CO3,
and then rinsed thoroughly with distilled water to eliminate the glue-like sericin proteins.
The extracted silk fibroin was dissolved in 9.3 M LiBr solution at 60°C for 4 h, yielding a 20
w/v% solution. This solution was dialyzed in distilled water using a Slide-a-Lyzer dialysis
cassette (MWCO 3,500, Pierce) for 2 days [13]. The final concentration of silk fibroin
aqueous solution was 8% w/v. Patterned polydimethylsiloxane (PDMS) (GE Plastics)
substrates of 2–3 mm thickness were prepared by casting on 1,200 lines/mm (blaze angle
17°/27″) diffraction grating (Edmund Optics, Inc.) surfaces. PDMS rounds were punched
with 11 mm diameters. The PDMS substrates were placed cast side up, and prepared for silk
casting by a 70% ethanol wash with three DI water washes. A 62 μL aliquot of 8% silk
solution was cast on the grooved PDMS substrates to generate a 50 μm thick film [22]. The
films were covered with a venting lid and allowed to dry overnight. Once dried, a water-
annealing processing was performed by placing the silk film within a water-filled dessicator
at 24 mm Hg vacuum for a 5 h period. The silk films were removed from their PDMS
substrates and placed onto 24-well non-tissue culture plates, with the patterned surface on
top. The films were sterilized with 70% ethanol and washed three times in ultrapure dH2O.
Finally, the films were pre-wetted in media for cell seeding.

Cell seeding and cultivation
hMSC isolation from total bone marrow was carried out as previously reported [23]. These
cells were then expanded in hMSC growth medium (DMEM supplemented with 10% FBS,
0.1 mM nonessential amino acids, 1 ng/ml bFGF in the presence of 100 U/ml penicillin, 100
μg/ml streptomycin, and 0.25 μg/ml fungizone) at 37°C in a 5% CO2 incubator. A human
monocyte cell line originally isolated from the peripheral blood of an acute leukemia patient,
THP-1 (American Type Culture Collection (ATCC) TIB-202™, VA) was expanded in
growth media (RPMI-1640 supplemented with 10% FBS, 0.1 mM nonessential amino acids,
0.05 mM 2-mercaptoethanol in the presence of 100 U/ml penicillin, 100 μg/ml streptomycin,
and 0.25 μg/ml fungizone) at 37°C in a 5% CO2 incubator. The monocytes were then treated
with 200 ng/ml of phorbol-12-myristate-13-acetate (PMA) (Sigma, MO) to induce the
maturation into macrophages [20].

P2 hMSCs and THP-1 cell-derived macrophages were detached from the T-flasks by 0.25%
trypsin (Sigma, MO) and seeded onto their respective prewetted patterned silk films at a
density of 500,000 cells per film at 37°C in a 5% CO2 incubator. Two hours after cell
seeding the films were immersed in 2 ml of their respective media (Table 1). Group 1
consisted of hMSCs maintained in hMSC growth media while group 2 consisted of hMSCs
maintained in osteoblastic differentiation media (hMSC growth media supplemented with
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the differentiation factors - 50 μg/ml ascorbic acid-2-phosphate, 100 nM dexamethasone and
10 mM β-glycerolphosphate) [13]. Group 3 consisted of macrophages maintained in
osteoclast differentiation media (RPMI-1640 supplemented with 10% FBS, 100 U/ml
penicillin, 100 μg/ml streptomycin, 0.25 μg/ml fungizone, 0.1 mM nonessential amino acids,
0.05 mM 2-mercaptoethanol in the presence of 200 ng/ml of PMA and 25 ng/ml receptor
activator of NF-κB ligand (RANKL)). Addition of RANKL induces differentiation and
activation of osteoclasts from precursor macrophage cells [21]. Group 4 was the negative
control with no cells maintained in DMEM supplemented with 10% FBS. Half of the media
was replaced every 3 days. Complete media change was carried out every two weeks when
the films were transferred to a new plate.

Picogreen analysis
At week 4, 1 ml of 0.25% trypsin was added to each group (N=3 samples per group) and
incubated at 37°C for 10 minutes. The samples were then washed with 1 ml of the respective
media to collect 2 ml of cell suspension. One ml of the resulting cell suspension was
subjected to the Picogreen assay (Molecular Probes, Eugene, OR) for DNA quantification
according to the manufacturer’s instructions. Samples were measured fluorometrically at an
excitation wavelength of 480 nm and an emission wavelength of 528 nm.

Real time PCR
The remaining 1 ml of the cell suspension was stored with 1 ml of Trizol at −80°C. The
samples were then subjected to real time PCR. Two hundred μl of chloroform was added to
the supernatant following centrifugation at 12,000 g for 10 min, and incubated for 5 min at
room temperature. After centrifugation at 12,000 g for 15 min, the upper aqueous phase was
transferred to a new Eppendorf tube. One volume of 70% ethanol (v/v) was added and
applied to an RNeasy mini spin column (Qiagen, Hilden, Germany). The RNA was washed
and eluted according to the manufacturer’s protocol. The RNA samples were reverse
transcribed into cDNA using oligo (dT)-selection according to the manufacturer’s protocol
using a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).
Transcript levels of MMP1, MMP2, MMP9, MMP13, ITGA2, ITGA5, ITGB1 were
quantified using the M3000 Real Time PCR system (Stratagene, CA). PCR reaction
conditions were 2 min at 50°C, 10 min at 95°C, and then 50 cycles at 95°C for 15 s, and 1
min at 60°C. The expression data were normalized to the expression of the housekeeping
gene, glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Primer sequences for the
human GAPDH gene were: forward primer 5′-ATGGGGAAGGTGAAGGTCG-3′, reverse
primer 5′-TAAAAGCCCTGGTGACC-3′ and probe 5′-CGC CCAATACGACCAAATCCG
TTG AC-3′. Primers and probes for MMP1, MMP2, MMP9, MMP13, ITGA2, ITGA5,
ITGB1 were purchased from Applied Biosciences (FosterCity, CA) Assays-on-Demand™

Gene Expression kits (MMP1, Product # Hs00899660_g1; MMP2, Product #
Hs01548724_m1; MMP9, Product # Hs00957554_g1; MMP13, Product # Hs00942589_m1;
ITGA2, Product # Hs00985378_m1; ITGA5, Product # Hs01565675_m1; ITGB1, Product #
Hs01127543_m1). Finally, the transcript levels of different groups were expressed in terms
of fold increase relative to the negative control group (group 4).

Silk film analysis
After treatment with 0.25% trypsin (1 ml/well) for 10 minutes at week 4, the remaining cells
were removed from the silk films by 1 hour cold shock at −20°C followed by incubation in
cold water at 4°C overnight. The silk films were then cut in two halves for SEM and AFM
analysis.
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Scanning electron microscopy (SEM)
One half of each silk film (N=3 samples per group) was dried and gold coated for 1.5
minutes and observed under SEM (Zeiss, FESEM Supra55VP, Germany) for the presence of
degradation pits. The dimensions of the degradation pits caused by the actively degrading
cell types were compared by measuring the length and width of the irregular pits across
diametrically opposite ends of the pit. The measurements were repeated at ten degradation
pits on each film. In addition, the number of degradation pits was compared by quantifying
the number of pits in the SEM images. The quantification was done on 3 different points on
each of the three replicates.

Atomic force microscopy (AFM)
On the basis of SEM findings, the other half of each silk film was assessed by AFM
Dimension V (Veeco Instruments Inc, Plainview, NY) to evaluate the degradation pits. AFM
observations were performed in air at room temperature using a 200–250 μm long silicon
cantilever with a spring constant of 2.8 N/m in soft tapping mode AFM. Calibration of the
cantilever tip-convolution effect was carried out by previously reported methods [24]. The
widths and depths of ten degradation pits of each film were measured by means of AFM.

ELISA analysis
At week 4, the media from (N=3 samples per group) each group was stored at −20°C to
confirm the secretion of specific MMPs and integrins by ELISA. ELISAs for MMP-1,
MMP-2 and TIMP-1 were performed using commercial kits (R&D Systems, MN) following
the manufacturer’s instructions. Protein concentrations (ng/ml) were determined by standard
curves and expressed in terms of fold increase relative to the negative control (group 4).

Statistical analysis
All values are represented as mean ± Standard deviation. Statistical differences was
determined by Student’s t test. Statistical significance was assigned as * denoting p<0.05.

Results and Discussion
A schematic representation of the procedures is shown in Figure 1 and the study groups are
listed in Table 1.

DNA quantification
Picogreen analysis confirmed the presence of cells in all groups other than the negative
control (group 4) at week 4 (Figure 2). There was no significant difference in the DNA
content between the different study groups.

Silk film degradation
In a recent study comparing degradable biomaterial films of chitosan, poly L-lactic acid
(PLLA) and silk fibroin, silk fibroin was reported to be a suitable biomaterial to support the
proliferation and differentiation of a coculture of murine osteoblasts and osteoclasts [25].
The topography of the fibroin film became progressively rougher with time in culture,
indicating silk degradation by the osteoclasts [25]. In the present study we sought to evaluate
the role of human cells involved in bone remodeling, specifically osteoblasts, osteoclasts
and hMSCs, using silk films as substrates. Further, we sought to quantify the process and
related these findings to specific MMPs and integrins. Using a well defined silk protein
biomaterial surface with surface patterns to facilitate both cell interactions and improve
quantitation of surface pitting as a reflection of the film degradation, osteogenic cells,
osteoblasts and osteoclasts, actively degraded the films (Figures 3–4).
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SEM images show that groups 2 (osteoblasts) and 3 (osteoclasts) generated more
degradation pits across the film surfaces (Figures 3c–3f), whereas the hMSCs generated pits
with smaller dimensions and there were fewer pits (Figure 3b). In contrast, the negative
controls (group 4) showed uniform patterned film surfaces without observable degradation
pits (Figures 3a). The number of pits caused by the actively degrading groups 2 (osteoblasts)
and 3 (osteoclasts) was quantified from the SEM images. Group 3 (osteoclasts) generated a
significantly larger number of pits, when compared to group 2 (osteoblasts) (Table 2). It
should be noted that the osteoclasts generated significantly larger pits in certain areas,
thereby limiting the number of pits observed in that area. This is accounted by the larger
standard deviation in group 3 (Table 2). AFM was also used to quantify the dimensions of
the degradation pits (Figure 4). AFM images of a 100×100 μm2 section confirmed that
groups 2 (osteoblasts) and 3 (osteoclasts) had degradation pits scattered across the surface, a
feature absent from group 4 (negative controls) (Figures 4a–c). AFM images of 10×10 μm2

sections were taken to compare the widths and depths of degradation pits (n=10) in groups 2
(osteoblasts) and 3 (osteoclasts) (Figures 4d–f). From the SEM and AFM images, group 3
(osteoclasts) showed larger and more frequent degradation pits when compared to group 2
(osteoblasts) (Figures 3–4), with a significant difference in length, width and depth of the
pits generated by group 3 (osteoclasts), relative to that of group 2 (osteoblasts) (Table 2).
The minor differences in pit dimensions between the AFM and SEM images of the same
group is accounted for by the larger scanning area for the SEM, enabling the measurement
of more widely spaced degradation pits.

During bone remodeling in vivo, osteoclasts are specialized cells that perform the function
of matrix resorption, whereas osteoblasts promote matrix deposition [26]. Thus, the greater
degradation of silk films caused by osteoclasts in this in vitro study is in agreement with the
in vivo bone resorptive ability of this cell type. In addition, hMSCs differentiated into
osteoblasts degraded the silk films more actively than undifferentiated hMSCs.

Gene expression and secretion of MMPs and integrins
Prior study using collagen gels as a model system showed that the combined influence of the
ECM-degrading function of MMPs and the forces transmitted by integrin α2β1 resulted in
enhanced contraction of the gels [27]. These data suggested that MMPs and integrins, in
synergy, are useful targets for controlling rates of tissue remodeling [27]. Building on this
previous finding, the present study with hMSCs and osteogenic cells illustrated the different
rates of bone remodeling orchestrated by differential MMP and integrin activity for each cell
type.

Transcript levels of the relevant MMP- and integrin-specific genes at week 4 for each group,
expressed in fold increase with respect to the negative control (group 4), are shown in Figure
5. These cell types expressed detectable levels only of MMP1 and MMP2, but not MMP9
and MMP13. The osteoclasts (group 3) showed a significant increase in expression levels of
MMP1 and MMP2 compared to all other groups. The hMSCs (group 1) and osteoblasts
(group 2) expressed detectable levels of ITGA5 and ITGB1, and the osteoclasts (group 3)
expressed detectable levels of ITGA2 and ITGB1. Moreover, the osteoblasts (group 2)
expressed significantly higher levels of ITGA5 and ITGB1 than the undifferentiated hMSCs
(group 1). The level of MMP1, MMP2 and TIMP-1 proteins secreted into the media (N=3
samples per group) expressed in terms of fold increase with respect to the negative control
(group 4) is shown in Figure 6. The osteoclasts (group 3) secreted significantly higher levels
of MMP1 and MMP2 and significantly lower level of the MMP inhibitor TIMP-1 as
compared to all other groups. The hMSCs (group 1) secreted MMP1 and MMP2 levels
comparable to the osteoblasts (group 2), but significantly higher levels of TIMP-1 than the
osteoblasts (group 2). This is consistent with a recent study showing TIMP-1 secretion by
hMSCs which inhibits the activity of exogeneous MMP2 and MMP9 secreted by the cells
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[28]. While the osteogenic cells (osteoblasts and osteoclasts) in this study interacted with the
silk matrix leading to the upregulation of MMPs and integrins, the hMSCs (group 1) did not
degrade the silk films significantly and also expressed and secreted significantly lower
levels of MMP1 and MMP2 than the osteoclasts (group 3). The significant increase in
MMP1 and MMP2 expression in osteoclasts, combined with their high degradation
capability in comparison to all other groups, suggests the in vitro assay utilized here
provides a suitable mimic for the in vivo scenario, based on what is known about the
respective roles of these cell groups in matrix/bone remodeling. This provides a suitable
starting point to move into 3D comparisons, where analytical tracking is more difficult than
in the 2D system presented here. Further refinements of the system can include
premineralization of the matrices to reflect bone tissue features as part of these systems, with
the opportunity to learn how changes in cocultured populations of the cell types used here
impact remodeling rates in vitro, as predictors of outcomes in vivo. All of these directions
build off of the baseline insight provided in the present study, wherein quantitative
degradation was assessed along with key enzymes and cell membrane receptors, to provide
sites for tracking changes in future related studies.

Although the hMSCs (group 1) expressed lower levels of ITGA5 and ITGB1, these integrins
were significantly upregulated in the osteoblast group (group 2) (Figure 5), indicating their
role in osteoblastic differentiation or functions. Previous reports using a collagen I gel
suggested the involvement of ITGA2 and ITGB1 in osteoblast differentiation [17].
However, we did not identify detectable transcript levels of ITGA2 by the osteoblasts (group
2) differentiated in vitro on silk films in the present study. This finding can be explained by
the presence of distinct adhesion sites on silk. The binding site of integrin ITGA2 on
collagen type I, the major ECM protein, is the amino acid sequence
GFP*GERGVEGPP*GPA (where P* represents hydroxyproline). The GER sequence was
identified as the essential recognition site for ITGA2 to bind collagen type I, since altering/
deleting one of amino acid residues in this sequence inhibited ITGA2 binding [29]. Since
silk fibroin does not contain the GER sequence [30], affinity with integrin ITGA2 was not
found in the present in vitro study. In contrast, the primary binding site at which integrin
ITGA5 interacts with fibronectin is the amino acid sequence RGD [31]. To bind with
integrin ITGA5, the protein is required to have either the binding sequence RGD or a
sequence similar to RGD [32]. Although sparse in occurrence, silk fibroin protein contains
sequences RGY and RGV [30], which might be one explanation for the binding of ITGA5 to
silk fibroin film in the present findings.

An understanding of the specific interactions between the structural features of silk matrices
and cellular responses remains to be elucidated; however, the system described here offers a
suitable starting point for such inquiry. The surface chemistry of biomaterials, including silk,
is an important determinant of MMP cleavage and integrin binding, resulting in the
enhancement of cell responses, including cell adhesion and activation of biochemical
pathways regulating cellular proliferation, differentiation, and survival [33]. For instance,
degradation studies with MMP 1 and MMP 2 and silk fibroin, in the form of porous sheets
and films, indicated that MMP1 targeted specific cleavage sites bearing amino acid
combinations of –Xaa-Gly [34]. MMP 2 recognized peptide sequences of -Gly-Ile-, -Gly-
Val-, -Gly-Gln-, -Gly-Phe-, -Gly-Asn-, and -Gly-Ser [35]. Labeling the cell-specific
integrins expressed involved in the remodeling process at the silk film surface will help to
pinpoint adhesion sequences on silk which mediate integrin binding.

The role of MMPs and integrins in cell-matrix interaction is especially important in the
context of disease conditions. Abnormalities in cellular MMP expression and ECM
remodeling often impairs osteogenic capacity leading to diseases like dwarfism, osteopenia,
osteoarthritis and skeletal metastasis [1,36]. Malignant cells acquire invasive capabilities by
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releasing MMPs to degrade the basement membrane of blood vessels and form a secondary
metastatic colony. Also, binding of α2β1 integrin to collagen I increased the colonization of
metastatic prostate cancer cells in bone [37]. Thus, the MMP and integrin expression results
from the present study could be useful as a baseline to detect abnormally high/low level of
these MMPs and integrins in disease conditions using in vitro silk based disease models, like
breast cancer metastasis [38] and autosomal dominant polycystic kidney disorder [39].

An important challenge is to link in vitro understanding of functions of MMPs to in vivo
scenarios. The identification of MMPs and integrins expressed by bone cells differentiated
on silk films provides a starting point towards elucidating signaling pathways activated by
the interaction between osteogenic cells and the silk substrate. MMP-mediated changes to
the collagenous matrix might alter collagenintegrin interactions or the activation/release of
matrix bound growth factors [11]. In native tissue, clustering of integrin molecules on RGD
sequences of the matrix is known to phosphorylate focal adhesion kinase (FAK) and
reorganize the actin cytoskeleton, which in turn, upregulates/downregulates cellular
proliferation and differentiation pathways. The differences in surface chemistry of different
biomaterials modulate focal adhesion composition and subsequent signaling, thus regulating
osteoblast differentiation and mineralization [40]. Investigations of possible signaling
pathways activated by the MMPs and integrins expressed by osteogenic cells on silk fibroin
can yield useful information. For example, integrins α5- and β1-mediated binding of hMSCs
to silk films could activate MAPK/ERK pathways (Figure 7), which, in turn, can promote
differentiation into osteoblasts [41]. A related study conducted with polyethylene glycol
(PEG) hydrogels introduced a peptide sequence incorporating a MMP13 cleavage site and
fibronectin binding RGD site, and initiated extensive survival and chondrogenic
differentiation of hMSCs [42]. The MMP13 secreted by the hMSCs cleaved the peptide
sequences mimicking native differentiation cell-signaling cascades involved in
chondrogenic differentiation [42]. A similiar silk-based system exploiting cellular
remodeling for temporal delivery of ECM cues will enable the design of a niche for
osteogenic differentiation, building off of the results of the present study.

Conclusions
Osteogenic cells, osteoblasts and osteoclasts, actively degraded silk fibroin protein in vitro, a
biomaterial widely used in bone tissue engineering. The identification of MMP and integrin
responses by these cells confirmed the respective contributions to the degradation process.
The osteoclasts caused more and larger degradation pits than osteoblasts or hMSCs, and also
secreted higher levels of MMP1 and MMP2. Further studies based on the system utilized in
the present study will help to identify adhesion sequences on silk and elucidate signaling
mechanisms which promote osteoblast and osteoclast differentiation on silk-based
biomaterials. These insights will provide useful comparisons to other degradable
biomaterials for future designs to optimize remodeling of such matrices to match repair-
specific needs.
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Figure 1.
Schematic representation of the overall experimental procedure.
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Figure 2.
DNA content of cells cultured on silk films at week 4.
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Figure 3.
SEM images of degradation pits on patterned silk films caused by (a) negative control
(group 4), (b) hMSCs (group 2), (c–d) osteoblasts (group 3) and (e–f) osteoclasts (group 3).
All scale bars = 1 μm.
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Figure 4.
Figures 5a–5c represent
AFM images of degradation pits on patterned silk films caused by (a) negative controls
(group 4), (a) osteoblasts (group 2) and (c) osteoclasts (group 3) at scan size 100 μm. Scale
bars = 10 μm. Figures 5d–5f represent AFM images of degradation pits caused by (a)
negative control (group 4), (b) osteoblasts (group 2) and (c) osteoclasts (group 3) at scan
size 10 μm. Scale bars = 1 μm.
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Figure 5.
Transcript levels of (a) MMPs and (b) integrins in hMSCs (group 1), osteoblasts (group 2)
and osteoclasts (group 3). The transcript level of each gene was normalized to the transcript
level of GAPDH. Statistical significance was assigned as 8 denoting p<0.05.
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Figure 6.
(a) MMP1, (b) MMP2 and (c) TIMP-1 secretion into the media by hMSCs (group 1),
osteoblasts (group 2) and osteoclasts (group 3). The protein levels secreted by each cell type
were normalized to that of the negative control (group 4). Statistical significance was
assigned as * denoting p<0.05.
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Figure 7.
Schematic of possible cell signaling mechanisms triggered by MMPs and integrins to
promote osteogenic differentiation on the silk film surface.
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Table 1

Different groups that were assessed for their ability to degrade patterned silk films.

Groups Cells Media

1 hMSC from bone marrow hMSC growth media

2 hMSC from bone marrow Osteoblastic differentiation media

3 Macrophages differentiated from human THP1 Monocytes Osteoclastic differentiation media

4 None (Negative control) DMEM + Serum
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Table 2

Comparison of degradation pits caused by osteoblasts and osteoclasts.

Cell type/Group (n=10 pits per group) Osteoblasts (group 2) Osteoclasts (group 3)

SEM measurement p value

Length (μm) 3.31±0.52 6.16±0.86 p<0.001

Width (μm) 2.29 ±0.31 3.32±0.37 p<0.01

Number of pits 4±0.93 8±2.26 p=0.05

AFM measurement p value

Depth (nm) 53.8 ±6.8 72.6 ±11.9 p<0.05

Width (μm) 1.3 ±0.2 2.3 ±0.2 p<0.001
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