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Abstract

Little is known about the role of biocompatible protein nanoridges in directing stem cell fate and
tissue regeneration due to the difficulty in forming protein nanoridges. Here an ice-templating
approach is proposed to produce semi-parallel pure silk protein nanoridges. The key to this
approach is that water droplets formed in the protein films are frozen into ice crystals (removed
later by sublimation), pushing the surrounding protein molecules to be assembled into nanoridges.
Unlike the flat protein films, the unique protein nanoridges can induce the differentiation of human
mesenchymal stem cells (MSCs) into osteoblasts without any additional inducers, as well as the
formation of bone tissue in a subcutaneous rat model even when not seeded with MSCs. Moreover,
the nanoridged films induce less inflammatory infiltration than the flat films in vivo. This work
indicates that decorating biomaterials surfaces with protein nanoridges can enhance bone tissue
formation in bone repair.
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1. Introduction

Nanostructures made of inorganic or polymeric materials have been shown to control the
stem cell fate or promote tissue formation.[!] As a physical factor, nanoscale structures on
the surface of substrates may participate in directing the differentiation of stem cells. It was
found that some nanostructures such as titania nanotubes could induce osteogenic
differentiation without adding osteogenic supplements.[?] It was also found that the parallel
microgrooves of polydimethylsiloxane could significantly enhance the efficiency of
generating induced pluripotent stem cells[3] or direct the differentiation of human
mesenchymal stem cells (MSCs) toward myogenic lineage.[*] However, little is known about
how the nanostructures, such as nanoridges, made of pure biocompatible proteins, direct the
differentiation of stem cells without any additional chemical inducers in vitro as well as the
tissue formation in vivo. In fact, to the best of our knowledge, so far, there has been no
report on the fabrication of nanoridges made of pure protein.

Bombyx mori silk fibroin (SF) is a natural fibrous protein and widely used as a biomaterial
in tissue engineering.[®] It has features desired as a molecular building block for producing
bone implants or tissue engineering scaffolds such as biocompatibility, robust mechanical
properties, biodegradability, and processability.[8] Hence, SF can serve as a good model
protein to study the potential of protein nanoridges in directing osteogenic differentiation of
stem cells and bone tissue formation. Moreover, to overcome the challenge of fabricating
protein nanoridges, here for the first time we developed an icetemplating method for the
fabrication of protein nanoridges on the surface of SF materials. Then, we studied the effect
of such nanoridges on the osteogenic differentiation of human MSCs as well as on the in
vivo bone tissue formation (Scheme 1; Figure S1, Supporting Information).

2. Results and Discussion

2.1. Formation and Morphology of Nanoridges

In our ice-templating approach, first a flat SF film produced by a traditional method[’] was
treated with methanol to become hydrophobic.[8] After methanol treatment, the resultant SF
film is termed flat film because its surface was nearly flat (Figure 1B). Then it was incubated
in H,0. Due to the hydrophobic nature of the film which had a contact angle of 123°, the
water droplets in the water-treated film tended to be spherical (Figure S2, Supporting
Information). After the SF film was pulled out of H,O slowly, it was immediately frozen in a
temperature-controlled mould at —80 °C, during which water droplets were converted into
ice crystals. We hypothesize that the expansion of volume accompanied with the conversion
of water droplets into ice crystals!®] made the surrounding SF aggregated into nanoridges
(Figure S1, Supporting Information). Finally, a freeze-drying process was used to convert ice
into vapor, resulting in the formation of a SF film (termed nanoridged film, Figure 1C,D)
with a unique nanoridged surface. We quantitatively analyzed the nanoridged structures and
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found that the mean length of the nanoridges was about 932.2 + 175.9 nm and the mean
spacing between the nanoridges was about 640.6 + 198.7 nm. Meanwhile, the macroscopic
nanoridged film appeared opaque with white color while the flat film was transparent
(Figure 1A).

2.2. Morphology, Proliferation, and Differentiation of MSCs on Nanoridges

Both flat and nanoridged SF films were able to support MSCs adhesion. However, the cells
on the nanoridged films tended to be elongated, whereas those on the flat films remained
spread (Figure 2A-D). Moreover, the cells on the flat surface proliferated faster than those
on the nanoridged surface (Figure 2E). It was found that the slower cell proliferation tended
to more favor the cell differentiation.[1d:10] Next, we further investigated the osteoblastic
differentiation of MSCs on the flat or nanoridged SF films in the regular a-minimum
essential medium (a-MEM) media (i.e., in the absence of any chemical inducers). A real-
time polymerase chain reaction (PCR) assay was adopted to quantify the relative gene level
of the osteogenic specific markers] including collagen | (COL), osteocalcin (OCN),
osteopontin (OPN), and runt-related transcription factor 2 (RUNX2) (Figure 2F). The OCN
gene showed a significantly higher mRNA level on the nanoridged films than on the flat
films (p < 0.05). The COL, OPN, and RUNX2 genes exhibited an even higher mRNA level
on the nanoridged films than on the flat films (p < 0.01). These data showed nanoridged SF
films could trigger the osteoblastic differentiation without adding chemical inducers used in
other studies[12] to the regular culture media, whereas the flat films could not.

This finding was further confirmed by the analysis of protein markers (OPN and OCN, the
osteogenesis marker in the early and late stages of the osteogenic differentiation of MSCs,
respectively)[11al by immunofluorescence staining of MSCs on the flat and nanoridged SF
films in the osteogenic differentiation medium or osteogenic induction-free medium for 14 d
(Figures 3 and 4). It is likely that the nanoridged SF films induced osteogenic differentiation
by promoting the elongation of the stem cells (Figure 2). We previously found that the cell
elongation induced by the matrix would further induce the osteogenic differentiation.[11¢.13]

Our results show that the protein nanoridges significantly accelerated the osteoblastic
differentiation of MSCs without osteogenic inducing supplements. This is the first
experimental data demonstrating that SF materials could induce the osteogenic
differentiation of MSCs solely by controlling their surface nanotopography. Thus we
proceeded to carry out in vivo evaluation of ectopic bone formation in a subcutaneous rat
model, since this animal model is usually used to evaluate the bone inducing capability of a
soft 2D material.

2.3. Risks of Nanoridges in Causing Immune Response

If a biomaterial can induce inflammatory responses in vivo, then it would affect how well
the body heals itself during the earlier period after the biomaterial implantation.
Consequently, in our in vivo study, we first investigated the risk of protein nanoridges in
causing immune responses. After the flat and nanoridged SF films were implanted in the
subcutaneous rat model for 4 weeks, new fibrous tissues were formed and almost no
invading host cells were observed around all SF films based on the hematoxylin and eosin
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(H&E) staining (Figure 5). The flat and nanoridged SF films did not show a significant
difference in the thickness, suggesting the degradation rate of different SF films was almost
the same. Multinucleated giant cells and fibrous cells surrounding biomaterial implants are
one of the components of the inflammatory cells, and their participation may be linked to
mast cell activation within a short time.[24] Our H&E staining (Figure 5) showed that the
fibrous tissue and extracellular matrix were more dispersed around the nanoridged SF films
than around the flat films, suggesting that the nanoridged SF films exerted less inflammatory
cell infiltration and granulation tissue formation than the flat SF films after 4 weeks.
Therefore, the animal test showed that less inflammatory infiltration was found in the
nanoridged SF films than the flat SF films after implantation.

2.4. In Vivo Bone Formation Induced by Nanoridges

To find out whether protein nanoridges can induce bone formation, we implanted these SF
films (with or without MSCs seeded) into subcutaneous dorsum sites of Sprague Dawley
(SD) rats. Micro-computed tomography (micro-CT) data (Figure 6) showed no calcified
tissue was formed on the flat films after one month of implantation. However, calcified
tissues were observed on nanoridged films without MSCs implanted (Figure 6), implying
that the implants with nanoridged topography were able to induce the formation of calcified
tissue in ectopic sites of the subcutaneous model. When MSCs were seeded on the SF films,
the flat films slightly induced some calcified tissue but the nanoridged films induced the
formation of more calcified tissue. Furthermore, immunohistochemistry analysis (Figure 7)
showed evidence of osteogenesis at the sites with the nanoridged films implanted but not at
the sites with the flat films implanted after 4 weeks of implantation. Fibrous tissues around
the nanoridged SF films with or without MSCs seeded were more organized and contained
more collagen matrix deposition than those around the flat SF films with or without MSCs
seeded, respectively. OPN and OCN staining showed the positive expression on the outer
surface of SF films after 4 weeks even without seeding MSCs, suggesting that the amount of
bone-like tissue clearly increased on all the nanoridged SF films compared to the flat SF
films. However, the flat SF films showed a positive expression after 4 weeks only when
seeded with MSCs. Therefore, micro-CT and histological evaluation showed the direct
evidence for the formation of osteoid on the nanoridged films even without MSCs seeded.

To date, biomaterials induced calcified tissue formation in the ectopic model was found only
when stem cells were seeded.[*3] In our study, when MSCs were not seeded on the film
implants, calcified tissue was observed on the nanoridged films 4 weeks after implantation
(Figures 6 and 7). The reason for the material-induced bone formation in the subcutaneous
model has not been made clear yet. One of the possible reasons is that the protein nanoridges
had the biological functionality to recruit MSCs and minerals, which are available in the
blood circulation system[16] surrounding the implants at the beginning of implantation. As a
result, four weeks after implantation, the nanoridged SF films could further stimulate the
differentiation of the recruited MSCs toward osteoblasts and promote the expression of bone
matrix in vivo,[17] which was visible from the micro-CT and immunostaining results of the
nanoridged films (Figures 6 and 7). Although other possible mechanisms of ectopic
osteoinductivity of the nanoridged SF films should be further explored, we believe that the
protein nanoridges are an important cue in stimulating bone formation.
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3. Conclusion

In summary, we have presented a novel ice-templating processing approach to forming the
protein nanoridges. The nanoridges reduced the cell proliferation and promoted cell
elongation, which in turn could induce osteogenic differentiation. Moreover, the nanoridges
had the capability of inducing the formation of calcified bone-like tissue with reduced
inflammatory infiltration in a rat subcutaneous model even when no MSCs were seeded. Our
work indicates that decorating biomaterials with protein nanoridges may be a new approach
to enhanced bone tissue regeneration.

4. Experimental Section

Nanostructured Formation of SF Films

Cocoons were spun from B. mori silkworms. The pupa inside cocoons was removed by
cutting a cocoon into small pieces. Then cocoon pieces were treated in Na,CO3 aqueous
solution (0.25%) at 100 °C for 30 min to obtain SF fibers by removing the sericin coating on
it (this processing is called degumming). The degummed SF fibers were dissolved in an
aqueous CacCl, solution (with a mass concentration of 42%) at 100 °C for 5 min. The
resultant mixture was subjected to dialysis against deionized water at 4 °C for a period of 3 d
in order to remove CaCls for collecting an aqueous SF solution. The regenerated fibroin was
obtained and lyophilized. Then, the regenerated fibroin was dissolved in hexafluoro-2-
propanol (HFIP) to prepare a SF solution with a concentration of 10 wt%.[18] A film was
formed by casting SF on the Petri dish after the removal of HFIP by air-drying. Post-
treatment was performed by soaking the film in methanol for 12 h to allow it to be insoluble
in water. The procedure by this step is routine for preparing a SF film. The sole methanol
treatment resulted in the formation of a SF film with a flat surface. To introduce nanoridges
on the film surface, the hydrophobic film was soaked into deionized water for 12 h. The film
was pulled out of the water, leaving discrete water droplets on the surface. The film was then
immediately frozen in a temperature-controlled mould at =80 °C to form protein nanoridges,
followed by lyophilization. This facile approach made the surface of the SF film
nanostructured due to the nanoridge formation.

Cell Adhesion and Morphology on SF Films

The human MSCs used in this study were purchased from Lonza group Ltd. They were
cultured in a-MEM medium (Gibco, US) supplemented with 10% fatal bovine serum (FBS)
in a CO, incubator at 37 °C. The resultant medium is termed basal medium. Confluent cells
were detached with 0.25% Trypsin-ethylene diamine tetraacetic acid (EDTA) (Gibco) and
suspended in a-MEM supplemented with 10% FBS. Then MSCs with a density of 5 x 104
cells per well were seeded onto the flat and nanoridged SF film. Subsequently, an MTT
assay was carried out to evaluate MSCs viability on SF films. For cell imaging, the
cytoskeletons were stained by Alexa Fluor 488 (Alexa 488-conjugated phalloidin, Life
Technologies) for 40 min at room temperature. The spreading pattern and morphology of
MSCs were viewed using a confocal laser scanning microscope (CLSM, ZEISS LSM780,
Germany).
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Evaluation of Osteogenic Differentiation In Vitro

MSCs were cultured in basal medium and osteogenic induction medium, respectively. For
osteogenic induction medium, the basal medium was supplemented with chemical inducers
(100 x 1079 M dexamethasone, 0.2 x 1073 M ascorbic acid 2-phosphate, and 10 x 1073 M g
glycerophosphate). The cells (2 x 10* cells per well) were seeded onto the flat and
nanoridged SF film as well as tissue culture plate (TCP) as a control. After 2 weeks of
culturing, the MSCs on the SF film substrates were used to evaluate the
immunofluorescence staining of osteospecific markers. Briefly, the cells on SF films were
fixed in 4% paraformaldehyde with 1 x phosphate buffered saline (PBS) for 30 min at room
temperature. Then the fixed cells were permeated using 0.2% Triton X-100 for 10 min,
followed by blocking with 5% bovine serum albumin (BSA)/1 x PBS solution for 30 min at
room temperature. Subsequently, the cells were probed with the primary antibodies that
recognize the osteospecific proteins, including OCN (1:500) and OPN (1:200), overnight at
4 °C, followed by washing and staining with secondary antibodies conjugated with
rhodamine (1:1000) for 30 min at room temperature. After the samples were incubated with
the secondary antibody, they were washed and then stained by FITC-labeled phalloidin
(1:400 in PBS) and DAPI (4,6-diamidino-2-phenylindole) for probing the actin filaments
and nuclei, respectively. The mRNA levels of osteogenesis-related genes (Col, OCN, OPN,
RUNX2) in MSCs cultured on the flat films and the nanoridged SF films were analyzed
using real-time PCR.

Subcutaneous Implantation Using Rat Subcutaneous Model

The human MSCs were seeded on the SF films by coculturing them in a-MEM medium for
5 d for promoting MSCs growth. Afterward, 20 SD rats (100 g) were used to evaluate
histocompatibility and ectopic bone regeneration on the flat and nanoridged SF films with
and without MSCs seeded using the rat subcutaneous model. Briefly, rats were randomized
into 4 experimental groups, and each group included 8 animals for statistical analysis. For
creating the animal model, the rats were anesthetized through inhaling a mixture of 4%
isoflurane/oxygen using an anaesthesia machine. The rats were maintained during the
surgical operation with 2% isoflurane delivered by a non-rebreathing system. SF films ~10
mm x 10 mm were subcutaneously implanted onto the backs of SD rats. A subcutaneous
injection of 2% lidocaine was administered immediately with the dosage of 1 mL kg~ in the
surgical area after the closure of the incision. Subsequently, in order to avoid infection, each
rat was treated with penicillin intramuscularly for four consecutive days. The animals were
sacrificed, and then films were extracted and fixed in 10% neutral formalin after 4 weeks of
implantation.

Evaluation of Ectopic Bone Tissue Regeneration In Vivo

For micro-CT analysis, the film implants were subsequently scanned with a micro-CT
(Scanco Medical, Switzerland) to determine the newly formed calcified tissue around the
implants. After micro-CT analysis, the SF films were first processed, and embedded in
paraffin by a Paraffin Embedder (Leica EG 1160). They were then sectioned into slices of a
thickness of around 5 um. The sections were further subjected to H&E staining to verify the
histocompatibility and ectopic bone regeneration of the SF films. The immunohistochemical
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staining for Col-1 (Santa Cruz Biotechnology, sc-25974), OCN (Santa Cruz Biotechnology,
sc-30044), and OPN (Santa Cruz Biotechnology, sc-21742) was performed to evaluate the
formation of regenerated bone-like tissuelX®] around the nanoridged SF film and the flat SF
film. To stain the tissue, the sectioned slices were washed for three times in PBS and
subsequently, endogenous peroxidase activity was blocked with a blocking reagent. They
were then incubated for 20 min in normal serum and for 1.5 h with primary antibody at
room temperature. After the sectioned slides were rinsed, they were treated with HRP-
conjugated secondary antibody for 30 min. They were then washed with PBS. After then,
appropriate chromagen with 3,3”-diaminobenzidine was added until desired staining
intensity was achieved. The slides were then counterstained with hematoxylin and
dehydrated through xylene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Morphologies of flat and nanoridged SF films. The transparent and opaque films in (A) are

the ones without and with nanoridge formation, respectively. The transparent film has a flat
surface (B), whereas the surface of the opaque film is rough due to the presence of
nanoridges surrounding nanopores (C). The higher magnification image of the rough surface
shown in (C) indicated that nanoridges were indeed formed (D).
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Figure 2.
Cell morphology (A-D), proliferation (E), and differentiation (F) on the flat and nanoridged

SF film in basal medium. After the cells were cultured for 1 d (A, B) and 3d (C, D), cell
adhesion on the flat (A, C) and nanoridged SF film (B, D) showed that MSCs tended to be
elongated on the nanoridged fibroin films. F-actin was stained by fluorescein isothiocyanate
(FITC)-labeled phalloidin. 3-(4,5-Dimethylthiazol-2-ylI)-2,5-diphenyltetrazolium bromide
(MTT) assay (E) indicated that the flat surface enhanced a higher cell proliferation rate
significantly, whereas real-time PCR (F) showed that the nanoridged films induced the
osteogenic differentiation in the absence of additional inducers. All data represented the
mean + standard deviation (*p < 0.05, **p < 0.01).
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Figure 3.
Representative immunofluorescence images of OPN expression in human MSCs seeded on

A) tissue culture plate (TCP) (A), flat (B, D), and nanoridged (C, E) SF films cultured in
osteogenic induction-free medium (B, C) and osteogenic induction medium (D, E) on Day
14. The cells cultured on the nanoridged SF films (C) with osteogenic induction-free
medium expressed more OPN than those cultured on TCP (A) and flat SF films (B) in the
osteogenic induction-free medium. The cells cultured on both the flat (D) and nanoridged
(E) films expressed OPN in the osteogenic induction medium. OPN was stained by
rhodamine-labeled antibody (red) and cell nuclei were stained by 4°, 6-diamidino-2-
phenylindole (DAPI) (blue) and F-actin was stained by FITC-labeled phalloidin (green).
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Figure 4.
Representative immunofluorescence images of OCN expression in human MSCs seeded on

TCP (A), flat (B, D) and nanoridged (C, E) SF films cultured in osteogenic induction-free
medium (B, C) and osteogenic induction medium (D, E) on Day 14. The cells cultured on
the nanoridged SF films (C) with osteogenic induction-free medium expressed OCN, only
slightly less than those cultured on the nanoridged SF films (E) with osteogenic induction
medium. Moreover, cells cultured on TCP (A) and flat SF film (B) with osteogenic
induction-free medium did not express OCN. Blue: DAPI nuclear staining; green: FITC
actin staining; red: rhodamine-labeled antibody (red).
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Figureb.
Histological analysis of the flat SF film (A, B) and the nanoridged SF film (C, D) in

subcutaneously implanted rat model after 4 weeks. The flat SF film shows strong and dense
connective tissue staining (B), while the nanoridged SF film shows light and loose
connective tissue staining (D). Furthermore, the H&E staining shows the formation of well-
ordered collagen proteins and a small number of neutrophils around nanoridged SF film,
while many neutrophils were observed around the flat SF film, suggesting less inflammatory
cells and inflammatory responses in the nanoridged SF films than the flat SF films after 4
weeks of implantation. However, the overall inflammatory response to the nanoridged SF
film and flat SF film were found to be mild. Black arrows indicate neutrophils. FSF: flat SF
film; NSF: nanoridged SF film; HT: host tissues.
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Figure®6.
Micro-CT imaging of heterotopic ossification of flat (A, B) and nanoridged SF films (C, D)

in vivo after 4 weeks of implantation. Panels (A, C) without MSCs seeded on SF films
before implantation. Panels (B, D) with MSCs seeded on SF films before implantation.
Micro-CT images showed that calcified areas were discovered in the nanoridged SF film
both without (C) and with (D) MSCs seeded and more calcified tissue was found in MSC-
seeded nanoridged SF films (D) than in nonseeded nanoridged SF films (C).
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Figure7.
Typical immunohistochemical staining for Col-I, OPN, and OCN within subcutaneously

implanted flat SF films and nanoridged SF films with or without MSCs seeded after 4 weeks
of implantation. Col-I control, OCN-control, and OPN-control groups were the
histochemical staining slides only stained with hematoxylin. Col-I, OCN, and OPN groups
were the immunohistochemical staining slides (from the same sectioned slices of Col-I
control, OCN-control, and OPN-control, respectively) that were stained with a
corresponding primary antibody, horseradish peroxidase (HRP)-conjugated secondary
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antibody, and hematoxylin. The red arrows indicate the positively expressed bone matrix
protein for each image. Immunohistochemical staining of SF film implants shows both
MSCs seeded SF films and nanoridged SF films can induce the formation of new bone
matrix proteins around the implanted SF films. Scale bar: 100 um.
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Scheme 1.
Schematic illustration of nanoridge formation on SF films by ice-templating to induce the

osteogenic differentiation without additional osteogenic inducers and form ectopic bone in a
rat subcutaneous model. SF was regenerated from cocoons and dissolved in hexafluoro-2-
propanol (HFIP) for casting a film. The film was soaked in methanol to become hydrophobic
and then in H,O, followed by freezing and lyophilization to form nanoridges (Figure S1,
Supporting Information). Nanoridges induce the osteogenic differentiation of MSCs cultured
on the film without any additional chemical inducers. The nanoridged SF film can induce the
formation of an osteoid matrix in a rat subcutaneous model with or without MSCs seeded.
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