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Abstract

Various porous biomaterial scaffolds have been utilized for bone tissue engineering; however,
they are often limited in their ability to replicate the structural hierarchy and mechanics of native
cortical bone. In this study, the alignment and osteogenic differentiation of human mesenchymal
stem cells (MSCs) on patterned silk films (PF) was investigated as a bottom-up, biomimetic
approach toward engineering cortical bone lamellae. Screening films cast with nine different
micro and nano scale groove patterns showed that cellular alignment was mediated by an interplay
between the width and depth of the patterns. MSCs were differentiated in osteogenic medium for
four weeks on the PF that induced the highest degree of alignment, while flat films (FF) served as
controls. Gene expression analysis and calcium quantification indicated that the PF supported
osteogenic differentiation while also inducing robust lamellar alignment of cells and matrix
deposition. A secondary alignment effect was noted on the PF where a new layer of aligned cells
grew over the first layer, but rotated obliquely to the underlying pattern direction and first layer
orientation. This layering and rotation of the aligned MSCs resembled the characteristic structural
organization observed in native lamellar bone. The ability to control multilayered lamellar
structural hierarchy from the interplay between a patterned 2D surface and cells suggests
intriguing options for future biomaterial scaffolds designed to mimic native tissue structures.
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Introduction

A fundamental goal for the in vitro engineering of functional bone and other load-bearing

tissues is the recapitulation of the robust mechanical properties intrinsic to the in vivo
structures 1. High anisotropic strength of native cortical bone arises from the hierarchical
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organization governing the microarchitecture of its constituent cells and extracellular matrix
(ECM) 2. One structural model of cortical bone, known as “twisted plywood”, describes
concentric lamellae of parallel collagen and mineralized ECM that are stacked and rotated
approximately 30° to the prior layer 34. Recently, a similar stacked and rotated lamellar
collagen structure was shown to be critical to the engineering of annulus fibrosus tissue in
vitro, which achieved similar mechanical properties to the native tissue °. Given the
established structure-function relationship of compact bone and other load-bearing tissues,
osteogenic tissue engineering scaffolds designed to promote lamellar alignment of cells and
ECM may allow for improved functional outcomes 6.

Contact guidance, the effect of substrate topography on cellular morphology and growth, has
been studied as a means to control cells since the early days of in vitro culture /. Recent
advances in the application of microfabrication technologies have enabled scaffold materials
to be patterned with complex topographical features in order to direct cellular responses for
a multitude of tissue engineering applications 89, Surface features including grooves, pillars,
pores, wells, and random topographies of varying dimensions have been found to modulate
focal adhesion formation, cellular morphology and gene expression in a wide range of cell
types 10. The tensegrity model of mechano-transduction explains the link between substrate
induced cellular adhesion/morphology and changes in genetic phenotype, whereby changes
in cytoskeletal tension and organization can produce profound alterations in many signaling
pathways 11,

Topographical cues alone have been shown to induce osteogenic gene expression in
mesenchymal stem cells (MSCs) without the addition of soluble factors 12. Nanopit
structures successfully promoted cellular differentiation towards bone, but they were not
designed to induce further aligned lamellar organization of cells and ECM that would mimic
the higher order in vivo architecture of cortical bone. One approach to achieve this
alignment is the use of repeating parallel groove topographies, which are well-known to
produce alignment and elongation in many cell types 13-16,

The effect of grooved surface features on MSCs and osteoblasts has been studied on
numerous substrates including silicon 17, polystyrene 1821 polycarbonate 22, PDMS 1923,
dentine 24, hydroxyapatite 25, poly-lactic acid 2126, and collagen 27. Taken as a whole, these
studies confirm that grooved topographies induce alignment of MSCs and osteoblast
cultures. However, the effect of grooves on the genetic phenotype of the cells is less clear.
Some studies report MSCs grown on grooved substrates have an upregulation of neural and
myogenic markers 2326 with a downregulation of some osteogenic genes 26 and
mineralization compared to flat substrates 22. Other studies show the groove dimensions 7
or substrate material 21 play a key role in modulating osteogenic gene expression and
mineralization both positively and negatively. Still others document early mineralized
nodule formation within groove trenches 24, The wide range of groove dimensions and
materials used in these studies makes it difficult to draw conclusions about how substrate
induced alignment of MSCs will affect bone related outcomes. Moreover, many of the
results from these studies cannot be directly applied toward the fabrication of implantable
scaffolds for regenerative medicine due to the non-degradable materials used.

In the present study, we investigated MSC alignment and osteogenic differentiation on
patterned silk fibroin film scaffolds. Silk’s robust mechanical properties, low
immunogenicity, and tunable degradation rate 28 have led to its investigation as a tissue
engineering scaffold for bone both in vitro 22-32 and in vivo 3334, While these studies
demonstrated the efficacy of silk in supporting MSC proliferation and differentiation toward
bone, most have taken a top down “macro-scale” approach, utilizing porous sponge-like
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scaffolds to produce mineralized ECM with a gross structure reminiscent of cancellous
bone 31.32,34.

Here, we take a bottom up approach to engineering cortical bone by fabricating grooved silk
film scaffolds with the purpose of orienting MSCs to promote the aligned lamellar structure
described in the “twisted plywood” model of compact bone. Our lab has recently
investigated these patterned silk films for corneal tissue engineering 3°-37, demonstrating
their efficacy for promoting alignment of corneal fibroblasts and ECM. In this study, we
first screened patterned films with varying groove dimensions to optimize the alignment of
seeded MSCs. We then compared the response of MSCs on the optimally patterned films
and on flat films during 28 days of differentiation in osteogenic medium.

Experimental Section

Preparation of Silk Solution

Silk solution was prepared from Bombyx mori silkworm cocoons according to the
procedures described in our previous studies 3°-37. Cocoons of B. morisilkworm silk were
supplied by Tajima Shoji Co. (Yokohama, Japan). Briefly, the cocoons were degummed in a
boiling 0.02 M Na,CO3 (Sigma—Aldrich, St. Louis, MO) solution for 30 min. The fibroin
extract was then rinsed three times in Milli-Q water, dissolved in a 9.3 M LiBr solution
yielding a 20% wi/v solution, and subsequently dialyzed (MWCO 3,500 kDa) against
distilled water for 2 days to obtain regenerated aqueous silk fibroin solution (ca. 8% w/v).

Preparation of Silk Films

Patterned and flat silk fibroin films were cast using a previously described soft lithography
technique 38. Grooved polydimethylsiloxane (PDMS) substrates were prepared by casting
Sylgard 184 (Dow Corning Corp., Midland, MI) on optical diffraction gratings with various
grating dimensions (Edmund Optics, Inc., Great Barrington, NJ). Likewise, flat PDMS
substrates were prepared by casting on a petri dish. The PDMS was cured overnight at 60°C,
then punched into 14 mm diameter circular stamps and rinsed in 70% EtOH followed by
Milli-Q water.

Silk films were prepared by casting 100 I of 1% wi/v regenerated silk fibroin solution on
each 14 mm PDMS stamp and air-drying at room temperature overnight. The resulting 3-5
pm thick silk films were made water insoluble by annealing in a water-filled desiccator at
24 mm Hg vacuum for 5 hours. For cell culture, the silk films were then peeled from the
PDMS substrates and placed pattern side up in low-adhesion 24-well cell culture plates
(Corning Scientific, Corning, NY). The films were sterilized with 70% EtOH, dried, and
washed three times with phosphate buffered saline (PBS) (Gibco, Grand Island, NY). The
wells were filled with 0.5 mL proliferation medium overnight before cell seeding.

Silk Film Surface Characterization

Surface structures of pattered and flat silk films were characterized using atomic force
microscopy (AFM). The features of the patterned silk films were quantitatively evaluated
using a Digital Instrument Dimension 3100 AFM (Veeco Instruments, Inc., Woodbury, NY)
in tapping mode. The scan direction was vertically adjusted perpendicular to the groove
direction. The scan rate was 10 wm/s and the scan distance was 10 wm with an aspect ratio
of 3. Surface depth, width, and RMS roughness were measured using Nanoscope imaging
software (Veeco) and averaged for 10 random fields per substrate.
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MSC Culture

Human MSCs were isolated from the bone marrow of a 27-year-old male donor (Lonza Inc.,
Walkersville, MD) using a previously published protocol 3°. The cells were cultured in
proliferation media and passaged twice before use in all experiments. Proliferation cell
culture medium consisted of a-MEM supplemented with 10% fetal bovine serum, 0.1 mM
non-essential amino acids, and 1% antibiotic-antimycotic (Gibco). For the osteogenic
differentiation experiment, the MSCs were cultured in differentiation medium (proliferation
medium additionally supplemented with 0.05 mM ascorbic acid-2 phosphate, 10 nM
dexamethasone, 10 mM B-glycerolphosphate (Sigma-Aldrich), and 100 ng/mL recombinant
BMP-2 (Wyeth/Pfizer Cambridge, MA)). In all cases, the media was changed every 2-3
days.

MSC Alignment Analysis

For each well, 10* MSCs were seeded in 24 well plates containing silk films patterned as
previously described. After 48 hours, the cells were imaged using phase contrast microscopy
with a 5x objective on a Zeiss Axiovert 40 CFL Microscope (Carl Zeiss AG, Germany).
Image-Pro6 (Media Cybernetics, Inc., Bethesda, MD) software was used to determine the
angle of the cells in each image relative to the groove direction on the silk film substrate.
The orientation of each cell was determined by tracing a straight line across the longest axis
of the generally spindle-shaped cell body. The deviation angle was then determined by
calculating the angle between the cell axis and the groove pattern axis. In the case of the flat
films, the groove axis was arbitrarily determined as the average orientation angle of all cells
in the image. The mean deviation angle for MSCs on each silk film sample group was
calculated from the cells in at least three separate images.

MSC Differentiation Experiment

A total of 2 x 10* MSCs were seeded on silk films cast with pattern | and on flat films. The
cells were grown in proliferation medium for 16 days, until they became fully confluent, at
which point they were switched to the previously described osteogenic differentiation
medium and cultured for an additional 28 days. Day 0 refers to the first day differentiation
medium was added to the cultures.

Alkaline Phosphatase (ALP) Staining

Cells were fixed in 4% paraformaldehyde in PBS for 30 minutes. ALP activity was
visualized with a standard napthol AS-MX phosphate/diazonium salt kit using the
manufacturer’s protocol (Sigma-Aldrich 85L1). Stained cells were imaged using a Zeiss
Axiovert 40 CFL Microscope (Carl Zeiss AG) with a 10x objective.

Quantitative Real-time Polymerase Chain Reaction (QRT-PCR)

For total RNA extraction, 1 mL of Trizol solution (Invitrogen) was added to the MSCs
cultured on silk films. The cells were scraped, and the Trizol was collected after incubation
for 15 min. The Trizol solution was centrifuged at 12,000 g for 10 min at 4°C. The
supernatant was transferred to a new tube and 200 mL of chloroform was added. After
further incubation for 5 min at room temperature, the solution was gently mixed for 15 s,
followed by another incubation for 5 min at room temperature. The tubes were then
centrifuged at 12,000 g for 15 min at 4°C. The upper aqueous layer was transferred to an
RNeasy Plus mini-spin column (Qiagen, Inc., Valencia, CA). The RNA was washed and
eluted according to the manufacturer’s protocol. RNA samples were reverse-transcribed into
cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad,
CA) according to the manufacturer’s protocol in an Mx 3000 gRT-PCR system (Stratagene,
Santa Clara, CA). All data analysis employed the Mx 3500 software (Stratagene) based on
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fluorescence intensity after normalization with an internal reference dye and baseline
correction. PCR 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 data were normalized to the expression of the housekeeping
gene, glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) within the linear range of
amplification and the [delta][delta] C; method was used to compare each group and time
point to the day 0 flat film group. Purified human gene-specific primers for collagen-1-
alpha-1 (COL1, Hs00164004_m1), alkaline phosphatase (ALP, Hs00758162_m1), integrin-
binding sialoprotein (BSP, Hs00173720_m1), osteopontin (OPN, Hs00167093_m1) and
housekeeping gene GAPDH (Hs99999905_m1) were ordered commercially (Applied
Biosystems). Probes were purchased from Assay on Demand (Applied Biosystems).

Mineralization Analysis

Calcium was extracted by adding 1 mL of 5% trichloroacetic acid to each well, scraping the
cells, and incubating at room temperature for 15 minutes. The accumulated calcium was
then measured using the Stanbio Calcium (CPC) LiquiColor® Test (Stanbio, Boerne, TX),
following the manufacturer’s protocol and read at an absorbance of 550 nm.

Immunocytochemistry and Fluorescence Microscopy

Samples were fixed in 4% paraformaldehyde for 30 minutes, followed by 3 washes with
PBS. The cells were then permeabilized with PBS containing 0.2% Triton-X 100 for 10
minutes, and blocked with PBS containing 1% BSA for 30 minutes. Actin filaments were
stained using Texas Red-X phalloidin stain (Invitrogen, Inc., Carlsbad, CA) incubated with
the cells for 2 hours. Stock solution of primary antibody for collagen type I (rabbit, Abcam,
Inc. Cambridge, MA) was diluted 1:1000 in PBS and incubated with the cells overnight.
After washing, the cells were incubated with Alexafluor 488 secondary antibody (anti-
rabbit, Invitrogen) diluted 1:500 in PBS for 2 hours and rinsed again with PBS. Nuclei were
counterstained with Hoechst 33342 (Invitrogen) for 30 min. Images of the stained cells were
captured with a Zeiss Axiovert 40 CFL Microscope using a 10x objective. Confocal z-stack
images were captured using a Leica TCS SP2 AOBS confocal microscope (Leica,
Mannheim, Germany) with a 10x objective. The Texas Red stain was excited using a 543
nm He/Ne laser with emissions collected between 580 and 650 nm. Z-stack projection
images were created from 11 2D confocal images taken at 2 wm intervals using ImageJ
software with the z-code depth plugin from McMaster Biophotonics Facility (http://
www.machiophotonics.ca/imagej/).

Statistical Analysis

Data is presented in graphs as average + standard deviation, except in the case of the gene
expression data where the error bars show the range of possible values based on the standard
deviation of the [delta] [delta] C; values. Average values were obtained from 3 separate
replicates, unless noted otherwise. Data was analyzed for significance (p < 0.05) with
GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA) using a two-tailed
unpaired t-test.

Results and Discussion

Preparation of Silk Films

Silk films with nine different groove dimensions were cast from PDMS replicate molds of
optical diffraction gratings. Groove patterns ranged from approximately 40 nm deep and 450
nm wide to 500 nm deep and 3.5 um wide. Flat films were cast on unpatterned PDMS. The
resulting films were approximately 3-5 pm thick. Their surface pattern attributes are
presented in Table 1, with data for flat films and patterns A — H taken from our previously
published results 3. In this study, we characterized and investigated an additional pattern
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with deeper grooves (pattern I) because our previous study showed that deeper surface
grooves resulted in increased cellular alignment. The 3D AFM height image for pattern | is
shown in Figure 1. All groove patterns were of the same general saw tooth shape, regardless
of overall dimensions. In addition to the difference in width and depth, the various patterns
created different amounts of surface roughness on the silk films, with a general correlation
between groove depth and measured roughness.

MSC Alignment on Silk Films

MSC alignment on the 10 different silk film surfaces was assessed after 2 days in culture via
phase contrast microscopy. The mean deviation of cell bodies from the substrate groove axis
was calculated by averaging the alignment of all the cells contained in at least 3 separate 5x
images (Figure 2 A and B). All of the patterned samples produced significantly more
alignment than the flat films, with mean deviation angles ranging from 4.9° to 31.2° on the
patterned samples compared to 44.1° on the flat films (Figure 3).

In general, the degree of MSC alignment was governed by an interplay between both the
width and depth of the groove patterns. Considering patterns of similar depth (A and B; C
and D; E and G), it is apparent that the groove width is inversely related to the cell
alignment. Alternatively, comparing patterns with similar widths (B and C; D, E, and F; H
and 1), it is evident that the groove depth directly correlates with the degree of alignment.
While both width and depth played a role in how well the cells aligned with the grooves,
comparing the 865nm wide patterns (B and C, Figure 3) elucidates the dramatic effect that
even a small change in groove depth can have on cell orientation. Increasing the groove
depth by approximately 25nm (from ~40nm to ~65nm) improved cellular alignment by
nearly 13° (average deviation angle of 22.7° for pattern B and 9.8° for pattern C). Further
evidence for the pattern depth playing a more critical role in cellular alignment relative to
the pattern width is evidenced by the fact that cells cultured on the deepest, but also widest,
grooves (pattern I) had the lowest mean deviation (4.9 + 1.4°) from the groove axis. These
results agree with previous findings for other cell types that groove depth is most critical for
inducing cellular alignment 14.15.36,

Pattern | produced significantly better alignment than patterns A — G, orienting MSCs with <
5° average deviation from the groove axis. In addition, pattern | had the most surface
roughness (Table 1), a property known to promote osteogenic differentiation 40. As a result,
we chose this pattern to compare to flat films in the differentiation experiment.

Osteogenic Differentiation and Gene Expression

A total of 2 x 104 cells were seeded on either flat silk films (FF) or pattern | films (PF) that
were previously sterilized and adhered to the bottom of 24 well plates. The cells were grown
to confluence in proliferation media for 16 days (Figure 3 C and D) before switching to
osteogenic differentiation media (considered day 0). Cells were fixed and stained for ALP as
a marker for osteogenic differentiation at 14, 21, and 28 days (Figure 4). The increasingly
dark staining indicates increasing ALP expression over time. The amount of staining was
similar between PF and FF at each time point and the orientation effect of the PF on the cells
is clearly visible.

Osteogenic gene expression (ALP, BSP, COL1, and OPN) was quantified at days 0 and 14
through qRT-PCR (Figure 5). Expression levels for each gene of interest are graphed
relative to the expression of that gene in the day 0 FF samples. The results of the gene
expression analysis clearly show that the MSCs cultured in osteogenic media differentiate
towards bone on both PF and FF with similar expression profiles for each gene of interest.
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At day 0, there was no significant difference between PF and FF for any of the genes
analyzed (Figure 5), indicating that the PF did not induce spontaneous changes in gene
expression during the 16-day proliferation period. At day 14 of differentiation, there was
also no significant difference in gene expression levels between the cells cultured on the FF
and PF, again indicating that the topographically induced cell alignment on the PF did not
affect osteogenesis relative to the FF controls. For both PF and FF samples, COL1
expression increased non-significantly at day 14 relative to day 0, while expression levels of
ALP, OPN and BSP were all significantly higher in both groups at day 14 compared to day
0. The roughly two orders of magnitude change in OPN and BSP expression observed on
both PF and FF was similar to previous results characterizing MSC differentiation on non-
patterned BMP-2 coupled silk films 30, This large change in gene expression is indicative of
the MSCs differentiating towards bone from an initially non-osteogenic phenotype. While
the PF induced significant morphological changes to the MSCs and their overall
organization, they did not affect the expression levels of the genes analyzed during the first
14 days of differentiation. This supports the idea that topographical patterning may be a
useful way to achieve cellular organization mimicking in vivo structures without impacting
the genetic phenotype of the cells.

Mineralization

The total calcium content of PF and FF samples was quantified at days 14, 21, and 28 as a
marker of mineralized matrix deposition (Figure 6, fop). Calcium content was relatively low
at days 14 and 21, with no significant difference between the PF and FF. The cells produced
a significant amount of mineralization between day 21 and 28, as calcium content was
greatly increased on both the PF and FF at the final time point, with significantly more
calcium found on the FF.

Mineralized ECM was readily apparent under phase contrast microscopy at day 28 on both
FF and PF (Figure 6 A and B). ECM deposition on the PF was closely aligned with the film
groove axis, while the deposition on the patterned film was randomly oriented. The
mineralized nodules generally followed the groove axis on the PF, with some darker
aggregate bands forming perpendicular to the major direction. This alignment of ECM was
likely a result of the highly aligned cellular orientation maintained throughout differentiation
on the PF (Figure 7 B and F). Despite lower calcium content on the PF compared to the FF
at day 28, it is clear that both substrates allow for significant amounts of mineralized ECM
deposition by the cells.

Cytoskeleton and ECM Orientation

Cells were fixed and stained for actin and collagen at days 14 (Figure 7 A, B, C and D) and
28 (Figure 7 E, F, G and H). Cells on both PF and FF grew into multilayered structures
under osteogenic conditions, a prerequisite for the formation of 3D tissues. The cells
differentiated on FF maintained a relatively spread morphology and random, non-linear
alignment over the 28 days of differentiation. Type | collagen deposition closely followed
the cellular orientation on both the FF and PF (Figure 7 C, D, G and H).

At day 14, the cells differentiated on PF had a narrow and elongated morphology and
remained well aligned with the groove orientation on the silk substrate (Figure 7 B, white
arrow). However, by day 28 of differentiation, an interesting secondary alignment effect
was noted on the PF. In some areas of culture, the first layer of cells was covered by a
second layer that was also aligned, but at a rotated angle to the groove direction (Figure 7 F,
yellow arrow). Type I collagen staining of the multi-layered aligned cells showed
deposition primarily oriented with the cell layer distal to the film (Figure 7 H), indicating
that these cells were continuing to actively produce ECM after overgrowing the first layer.
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Confocal imaging shows that the two directions of alignment on the PF were associated with
multiple layers of cells (Figure 8 A and B). The z-depth heatmap in Figure 8 B illustrates the
oblique rotation of the distal layer of cells from the first layer and groove direction.
Generally, the second layer of cells were aligned between 30° and 40° from the first layer of
cells and the groove axis, as diagrammed in Figure 8 C. This secondary alignment effect can
also be seen in the ALP staining of the PF at both day 21 and 28 (Figure 4 D and F). Further
evidence of this phenomenon is shown in SEM, phase, and fluorescent images
(Supplementary Figures 1 and 2). Interestingly, a similar secondary alignment effect was
previously observed, but not emphasized, in a study of MSCs differentiated toward bone on
grooved polycarbonate substrates 22,

The rotated alignment of successive layers of cells may be an important finding because it is
reminiscent of the rotated and stacked layers of ECM in the twisted plywood model of
cortical bone. Giraud-Guille and coworkers have proposed that this structure occurs in
native bone as a result of the packing of collagen triple helices 41. Indeed, they have shown
that acellular solutions of collagen can spontaneously form cholesteric liquid crystals, a
structure characterized by rotated layers of parallel alignment 42. They hypothesize that
aligned collagen helices may induce an oblique alignment in the succeeding collagen layer
as a result of the second layer orienting along the helical pitch of the first layer. Cholesteric
liquid crystals formed from collagen solutions have been documented with twist angles of
22° — 45° depending on concentration 43, which supports the idea that collagen packing
drives lamellar bone organization in vivo where twist angles of approximately 30° have been
reported 4. In this study, we noted the second layer of cells on PF were aligned
approximately 30° — 40° from the groove axis and initial cell orientation. While the packing
of collagen helices seems like a plausible explanation for the observed secondary alignment
effect, further experiments are necessary to elucidate the true underlying mechanism.

Conclusion

A successful approach to the engineering of functional cortical bone should seek to mimic
the structure of the native tissue at the cellular level. Modifying scaffold surface topography
is one way to induce the desired cellular organization, which in turn will alter the genetic
phenotype of the cells, and in the case of stem cells, the differentiation potential. Our present
efforts aimed to characterize the effects of surface patterned silk films on MSC organization
and differentiation toward bone in vitro.

Grooved silk films were shown to support soluble-factor induced osteogenic differentiation
of MSCs while also producing robust alignment of cells and ECM, a hallmark of native
cortical bone. The trends in gene expression and mineralization were similar between the PF
and FF groups. While the PF did not appear to enhance the osteogenic potential of MSCs
relative to the FF controls, the anisotropic multi-layer lamellar tissue structures that formed
on the PF bore more resemblance to the in vivo tissue architecture than the random
structures that developed on the FF.

This work can be directly translated to a 3D implantable and degradable scaffold system by
stacking of individually seeded films to form multi-lamellar structures, as we have
previously demonstrated with corneal cells 337, The PF could also be combined with
porous salt leached silk sponges to form biphasic scaffolds for the directed formation of both
cancellous and cortical tissue engineered bone. The secondary alignment effect observed on
the patterned films raises the possibility that simple topopgraphical surface patterns may be
useful for inducing more complex, higher order 3D tissue structures. Further investigation
into the observed effect could lead to the development of a model system with which to
study the formation of rotated lamellar structures in native cortical bone.
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Figure 1.
3D AFM topography image of a silk film cast with pattern 1. All groove patterns had a

similar sawtooth shape, regardless of dimensions.
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Figure 2.
MSCs cultured in proliferation media on FF (A and C) and PF (B and D). 5x images taken 2

days after seeding 10% cells/film (A and B) were used to determine cellular alignment on the
different patterns. C and D show 10x images of the confluent cells 16 days after seeding 2 x
10% cells/film. White arrows indicate groove direction, scale bar = 200 wm (A, B), 100 wm
(C, D).

Macromol Biosci. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tien et al.

601

501

401

304

209

109

Average Deviation from
Groove Axis (Degrees)

0

T

[]

T

[]

Page 14

[l

PR

Approx. Width (nm)
Approx. Depth (nm)

Figure 3.

@ O Q9 %« &« O > N

450 865 865( |1800( |1800| |1800| (3500| |3500( |3500
40 40 65 65 85 200 85 350 500

Average deviation angle of MSCs 2 days after seeding on silk films with various groove
dimensions. Lower bars represent better alignment. Error bars show SD, line represents
significant difference from pattern | (p < 0.05).
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Figure 4.

ALP staining of MSCs cultured in osteogenic media on FF (A, C, E) and PF (B, D, F) for 14
(A and B), 21 (C and D) and 28 (E and F) days. White arrows indicate groove direction,
scale bar = 100 pm.
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Figure 5.

PCR results. Gene expression is normalized to GAPDH and shown relative to day 0 FF
samples on a log scale. Error bars show maximum and minimum values based on the
standard deviation of the [delta] [delta] C; values. Stars indicate a significant difference
between day 0 and day 14 (both PF and FF) [delta] C; values for the gene of interest based
on a two-tailed unpaired t-test (0 < 0.05).
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Figure 6.

Calcium content (top) at 14, 21, and 28 days differentiation and phase contrast images of
mineralized ECM formation on FF (A) and PF (B) at day 28. Error bars show SD, line on
chart represents significant difference between PF and FF calcium content at day 28. White
arrow indicates groove direction. Scale bar = 200 pm.
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Figure 7.

10x fluorescent microscopy images of MSCs differentiated on FF (A, C, E and G) and PF
(B, D, Fand H) at 14 (A, B, C and D) and 28 (D, E, F and G) days. A, B, E, and F show
actin (red) and nuclei (false colored green) staining. C, D, G, and H show staining for
collagen type | (green). White arrows indicate groove direction on PF. Yellow arrow
indicates secondary alignment of cells in layer distal to substrate. Scale bar = 100 pm.
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MSCs seeded on
patterned silk films align
with groove direction

Cells remain aligned with
groove axis while
proliferating into a
confluent monolayer

During differentiation, a
subsequent layer of cells
grows at a rotated angle of
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layer and groove axis
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Figure 8.

Confocal microscope images of a day 28 PF sample stained for actin (A, B). (A) shows a
grayscale z-projection of 11 confocal images each spaced 2 pm apart. (B) shows the same z-
projection, with each confocal image color-coded based on z-depth. The z-depth scale is
relative to the film, where O pum is just above the film surface. White arrow indicates the
groove direction and orientation of lower cell layer. Yellow arrow indicates secondary
alignment of cells in layer distal to substrate. Scale bars = 100 wm. Right, a diagram
illustrating the secondary alignment effect observed on some areas of the PF (C).
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Dimension and roughness of grooves on silk film surfaces (values for Flat — H adapted from 36),

Table 1

Sample | Depth (nm £ SD) | Width (hnm £ SD) | Roughness (nm + SD)
Flat - - 32+05

A 39+53 445 + 33 116+16
B 37+£35 865 * 27 13.0+0.3
C 65+4.1 866 * 26 23.3+0.2
D 64+6.1 1796 + 173 195+1.3
E 86 +5.9 1792 + 103 302+1.6
F 187+9.1 1832 + 68 64311
G 85+83 3499 + 117 25.0+26
H 342 +18.0 3584 + 108 1205+1.1
| 515+ 16.0 3597 + 89 162.6 +2.0
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