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ABSTRACT 

Patterned silk protein films possess desirable characteristics for corneal tissue 

engineering, including optical transparency, biocompatibility, and tunable mechanical properties, 

but current fabrication protocols do not provide adequate degradation rates to match the 

regeneration properties of the human cornea. In this study, the β-sheet (crystalline) content of 

silk films was decreased significantly by using short time water annealing to generate lowest 

possible silk crystallinity (17-18 % β-sheet content) that also allows film stability in aqueous 

environments. Additionally, a protocol combining short time water annealing and enzymatic 

pretreatment of silk films with protease XIV was developed to allow faster degradation of silk 

films in the presence of human corneal fibroblasts in vitro. The results demonstrated a direct 

relationship between reduced β-sheet content and enzymatic pretreatment, and overall 

degradation of the films, providing new approaches to modulate the degradation time of silk 

corneal stroma substitute to corneal tissue regeneration time in vivo.  
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Accelerated in vitro Degradation of Low β-sheet  

Silk Films by Enzyme-Mediated Pretreatment 

 

Introduction 

As the most commonly transplanted tissue and the only hope of vision recovery, 

healthy cornea supply never meets its demand (Crabb, Chau, Evans, Barogas, & 

Hubel, 2006; Brugnano, Sun, Vase, & Orwin, 2008; Gil et al., 2010b). Cornea 

shortage excites the research on tissue-engineered cornea. Corneal stroma, taking 

up of 90% of human cornea, is the most challenging part to be engineered for its 

unique collagen orientation (Gil, Park, Marchant, Omenetto, & Kaplan, 2010a). 

Human central corneal stroma consists of stacked collagen fibril lamellae along 

with quiescent human corneal fibroblast cells within them. In each lamellae of 

central cornea, collagen fibrils are parallel to each other on one direction. But the 

collagen orientation direction is orthogonal to adjacent lamellae, forming a 

pseudocrystalline lattice collagen orientation preference in over all human central 

corneal stroma (Abahussin et al., 2009). Previous study has proved that 

biodegradable, transparent, mechanically robust, RGD coupled, and surface-

patterned Bombyx mori silkworm fibroin films could support human corneal 

fibroblast cell viability, proliferation, collagen production and collagen alignment. 

These silk films confluent with aligned hCF and parallel collagen fibrils were 

assembled together at 90°collagen fibrils orientation angle, in order to construct a 

pseudocrystalline lattice collagen distribution (Gil et al., 2010b). Therefore, this 

silk film constructs are promising human corneal substitutes. However, the 

degradation rate of our silk films was not sufficiently rapid for corneal stroma 
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tissue engineering. Silk films degradability is usually controlled through their β-

sheet content by water vapor annealing and methanol immersion. In this study, 

lowest β-sheet content which is necessary for water-resistant silk films was 

reached by short time water vapor annealing. In addition to lower β-sheet content, 

we also use protease XIV pretreatment to increase the degradation speed of low β-

sheet silk films for corneal engineering using. 

1.1 Human Cornea 

Transparent, avascular, elastic cornea protects the eye from the exterior 

environments, providing 75% of refractive power by forming a sharp image at 

retinal receptors (Sugioka et al., 2010; Shah, Brugnano, Sun, Vase, & Orwin, 

2008; West-Mays, & Dwivedi, 2006). The diameter of the human cornea is about 

12 mm and it is roughly 520 μm thick at the center and 650 μm thick in the 

periphery (Ruberti, & Zieske, 2008).  Normal human cornea consists of five 

layers: Epithelial cell layer, the Bowman's membrane, collagenous stromal layer, 

the Descemet's membrane and endothelial cell layer (Chen, Meng, Kao, & Xia, 

2011). The outermost epithelial layer is regenerative and protects the surface of 

the eye, keeping the integrity of the ocular surface (Sugioka et al., 2010; Shah et 

al., 2008).  Central stroma consists of about 200 to 250 collagen lamellae (0.2-

2.5nm thick) which are stacked and parallel to the corneal surface (Abahussin et 

al., 2009). Quiescent keratocyte (corneal fibroblast) cells are sparsely interspersed 

within lamella (Chen et al., 2011). Stromal damage is able to initiates the 

differentiation of keratocytes into repair fibroblasts, which will actively 

proliferate and produce new extracellular matrix (ECM) components like collagen 
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(Shah et al., 2008). In each lamella, type I and type V collagen fibers arrange in 

bundles and run parallel to each other with regular interfibrillar spacing. Although 

orientation angles of adjacent lamellae are changing between 0° and 180°, the 

overall collagen fibrils in stroma show preferred alignment in horizontal and the 

vertical directions (West-Mays, & Dwivedi, 2006; Abahussin et al., 2009; Daxer, 

& Fratzl, 1997; Komai, & Ushiki, 1991).  Thus, highly organized collagen fibrils 

arrange as a pseudocrystalline lattice orientation (Shah et al., 2008; Chen et al., 

2011). The special arrangement of the parallel lamellae with spacing less than one 

light wavelength and the uniform spacing of the fibers cause “destructive 

interference” of incoming light rays.  The destructive interference reduces the 

scatter and leads to the corneal transparency.  The specific collagen orientation 

also results the mechanical strength of the cornea (West-Mays, & Dwivedi, 2006; 

Chirila et al., 1998).  Isotropically organized collagen fibrils balance the 

intraocular pressure while fibrils aligned along the superior– inferior and nasal–

temporal meridians withstand the tensile stress from the orbicularis and rectus 

muscles (Boote, Dennis, Huang, Quantock, & Keith, 2005).  The single-cell layer 

endothelium with high metabolic activity and ATPase pumps acts as a leaky 

barrier for the cornea.  Stromal hydration is regulated by endothelium, 

maintaining the transparency of the cornea (Sugioka et al., 2010; Shah et al., 2008; 

Chen et al., 2011). 

1.2 Corneal Tissue Engineering  

Corneal disease is major cause of blindness other than cataracts, resulting 

in bilateral corneal blindness of over 10 million patients worldwide. Corneal 
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transplantation (i.e. penetrating keratoplasty) is currently the only treatment for 

vision recovery (Shah et al., 2008).  About 30,000 to 40,000 corneal 

transplantations are performed annually in US with 90% success rate in patients 

with good prognoses. However, corneal transplantation for patients with alkali 

burns or recurrent graft scarcely have chance of success (Shah et al., 2008; Gil et 

al., 2010b). Besides, logistical, legitimate cultural and technical difficulties related 

to the procurement of quality donor graft material limit corneal transplantations 

(Ruberti, & James, 2008).  Artificial cornea, (keratoprosthesis) was thought to be 

a viable alternative but finally failed due to high rejection rates (Boote et al., 2005; 

Gil et al., 2010 a and Gil et al., 2010 b). A range of materials, including,glass 

discs, quartz, celluloid, PMMA, glass disk surrounded by gutta-percha and casein 

skirts, quartz discs surrounded by a platinum ring were once used to construct a 

keratoprosthesis.  Although some of cases remained in patients up to several years, 

most of them failed within several weeks or months (Gil et al., 2010 a).  For the 

above reasons, a tissue-engineered graft mimicking natural corneal structure is a 

promising alternative (Gil et al., 2010 a; Lawrence, Marchant , Pindrus , 

Omenetto, & Kaplan, 2009). Tissue engineered epithelium and endothelium have 

been effectively developed in animal models, but the cornea stroma, which 

accounts for 90% of whole thickness , is still challenging to reconstruct due to its 

complex structural hierarchy (Gil et al., 2010 a,b).  

1.3 Silk Films Constructs as Corneal Stroma Tissue Substitute 

Studies have proved that silk substrates could support epithelial and 

fibroblast alignment, adhesion, mobility, and proliferation. Additionally, pervious 
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work from our group has shown that biodegradable, transparent, mechanically 

robust, RGD coupled, and surface-patterned silk films could support human 

corneal fibroblast cell viability, proliferation and ECM alignment (Gil et al., 2010 

b). These functions of silk films were maintained following film stacking into 

constructs resembling corneal stroma. Thus, these constructs show promise as 

scaffolds for human corneal engineering.  

Silk fibroin obtained from the cocoon of the silk worm Bombyx mori was 

chosen as biomaterial for its mechanical robustness, non-immunogenic response 

upon in vivo implantation and controllable degradation. Moreover, silk fibroin 

films are suitable for corneal stroma engineering because of their optical clarity, 

mechanical strength and cell alignment ability. Native human central corneal 

stroma has a lamellae-like structure consists of densely stacked collagen fibril 

layers and quiescent corneal fibroblast cells interspersed within lemallea. The 

structure of corneal stroma has a special collagen orientation preference to meet 

the optical and mechanical requirement of human cornea. Collagen fibrils in each 

lamella are parallel to each other, but the orientation angles of adjacent lamellae 

tend to be 90 °. Thus, the overall collagen fibrils in stroma show preferred 

alignment in horizontal and the vertical direction, arranging as a pseudocrystalline 

lattice orientation ( Boot et al., 2005). In order to mimic native corneal structure, 

the silk films were produced around 3-4 µm thick to emulate corneal collagen 

lamellae dimension. Moreover, groove surface patterns were induced on silk films 

by casting silk solution on grooved polydimethylsiloxane (PDMS) (Lawrence et 

al., 2009). The groove patterns on silk films had successfully allowed for human 
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corneal fibroblast cells alignment, proliferation and highly collagen expression. 

The width and the depth of grooves effected the cell alignments. Deeper and 

narrower grooves induced more hCF orientation (Gil et. al, 2010a). Therefore, the 

parallel grooves could arrange human corneal fibroblast cells and collagen fibrils 

along one direction on one single silk film. For the purpose of constructing 

corneal stroma substitute with collagen orientation orthogonal to adjacent lamella, 

the silk films were stacked at a 90° collagen orientation (Gil et al., 2010). 

1.4 Silk Film Degradation Needs to Be Accelerated for Corneal Tissue 

Engineering 

Silk has been shown to be degraded in vivo (Altman et al. 2003). As a 

biomaterial for tissue engineering, silk is required to degrade at a rate 

corresponding with new tissue formation, aiding cells to deposit new extracellular 

matrix (ECM) and regenerating functional tissue (Vepari, & Kaplan., 2007; Nair, 

& Laurencin, 2007 ; Hakimi, Knight, Vollrath, & Vadgama, 2007). Our methanol 

treated silk films (with high β-sheet content) did not degrade almost at all in 

rabbit corneas in 3 months. So our aim based on this was to show that we design 

silk films with faster degradation properties. Changing silk processing methods 

and parameters make the degradability of silk tunable (Lu et al., 2011). The β-

sheet structure contributes to the stability of silk fibroin, and also determines the 

stabilization of silk fibroin in aqueous environments (Lu et al., 2011). In order to 

produce waster-stable silk films with fast degradation rate, short time water vapor 

annealing was used to process silk films to induce appropriate β-sheet content (Lu 

et al., 2011; Hu et al., 2010).  
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1.5 Silk Degradation Mechanism  

The degradation behavior relates to the secondary structure of silk 

biomaterials, therefore, the biodegradation process is controllable by the structure 

of polymers. Less-compacted structure allows for the easier binding of enzymes 

and hydrolysis behaviors, making it possible to adjust the degradation behavior of 

silk fibroin through varying the crystallinity (Cao, & Wang, 2009). Previous 

research has demonstrated that β-sheet structure, consisting of highly repetitive 

alanine–glycine or alanine repeats, affects the degradability of silk. Increased ratio 

of β-sheets structure in silk fibroin leads to less extent of enzymatic degradation 

by Protease XIV and α-chymotrypsin (Numata, Cebe, & Kaplan, 2010).  

The enzymatic in vitro degradation mechanism of Bombyx mori silk 

fibroin has been reported. Initially, loose chain-packing section of crystalline 

region of B. mori silk fibroin is degraded, leaving tight chain-packing nano non-

toxic fibrils. Then, these tight packed nano fibrils are further degraded into 

nanofilaments composed of β-sheet structure and soluble fragments containing β-

sheet structure (2 nm in thickness and 160 nm in length), which may be nucleators 

of the crystalline region (Figure 1B, C) (Numata et al., 2010). 
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Figure 1” Model of enzymatic degradation of crystalline regions of silk fibroin. (A) 

Crystalline region of silk fibroin. Tight and loose chain-pacing regions coexist in the 

crystalline region. (B) Crystalline nanofibril composed of the tight chain-packing regions 

after degradation of the loose chain-packing region by protease XIV. (C) Nanofilament 

composed of beta-sheet structure and soluble fragments containing beta-sheet structure after 

the enzymatic degradation by protease XIV. (D) Crystalline region and soluble fragments 

without beta-sheet structure after degradation of edges and ends of loose chain-packing region 

by alpha-chymotrypsin.” (Numata, Cebe, & Kaplan, 2010) 

 

1.6 Silk Degrading Enzymes 

Several proteolytic degradation behaviors of silk fibroin have been studied 

which showed that silk fiber, film, yarns, sheet, and hydrogels were susceptible to 

proteolytic degradation (Arai, Freddi, Innocenti, & Tsukada, 2004; Horan, et al., 

2005; Li, Ogiso, & Minoura, 2003; Nuanchai, Pachera, & Wilaiwan, 2009; Wang, 

et al., 2008).During enzymatic degradation process, enzymes absorb on the 

surface of the substrate followed by hydrolyzing the ester bond (Naira, & 

Laurencina, 2007). 

1.6.1 Protease XIV. Previous research demonstrated that protease XIV 

from Streptomyces griseus caused most significant degradation, degrading both 
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amorphous silk and crystal regions (Figure 1B, C).  During degradation process, 

the amount of silk II decreased and the amount of silk I crystalline structure 

increased over time (Horan et al., 2005). 

1.6.2 Chymotrypsin. Chymotrypsin cleaves the less-crystalline regions of 

the protein into peptides capable for further cell metabolism (Altman et al. 2003) 

without showing any activity towards β-sheet crystals (Numata et al., 2010).  

Therefore, chymotrypsin was also used to produce highly crystallizable fibroin 

protein by degrading off the amorphous regions of fibroin (Figure 1) (Li et al., 

2003). 

1.6.3 Silk degrading metalloproteinases (MMPs) secreted by corneal 

fibroblast cells. In the in vivo environment, enzymes play the major role in the 

degradation process. Metalloproteinases are zinc- and calcium-dependent 

enzymes (Leonardi, Cortivo, Iva Fregona, Plebani, Secchi, & Abatangelo, 2003).  

They are endopeptidases synthesized and secreted by a variety of cell types 

including fibroblasts, epithelial cells, inflammatory cells in physiological 

conditions like wound healing or in diseases states (Leonardi et al., 2003). MMPs 

are involved in the degradation of ECM components, tissue remodeling and 

morphogenesis (Sengupta et al., 2010; Li et al., 2001). More than 19 members of 

MMPs have been reported.  Generally, MMPs are separated into 5 groups 

including: collagenases (MMP-1, MMP-8, and MMP-13), gelatinases (MMP-2 

and MMP-9), stromelysins (MMP-3, MMP-10, and MMP-11), membrane-type 

MMPs, and others (Li et al., 2001; Stetler-Stevenson et al. 1989). While having 

similar structures, MMPs cleave different ECM substrates. Stromelysin and 
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matrilysin cleave proteoglycans, fibronectin, and laminin. Gelatinase A, widely 

expressed in various normal tissues, is upregulated in several diseases and 

pathological conditions, and B, produced in many tumor tissues (eg. excimer 

laser-wounded rat and rabbit corneas), cleave collagen types IV, V, VII, and X 

(Leonardi et al., 2003; Fini, & Girard, 1990;  Koźák, Klisenbauer, & Juhás, 2003).  

Among MMP families, MMP-1 (collagenase-1) and MMP-13 (collagenase-3) 

degrading type I collagen are essential for osteoblastic differentiation (Sengupta et 

al., 2010). The triple helix of interstitial collagen types I, II, and III all can be 

degraded by MMP-1 (Leonardi et al., 2003).  MMP-9 (gelatinase B) and MMP13 

regulates bone formation process by ECM degradation.  MMP-2 (gelatinase A), 

also known as a type IV collagenase, involves in the formation of osteocytic 

canalicular networks, which is essential for bone remodeling and mineralization 

(Sengupta et al., 2010). 
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Table 1 Matrix Metalloproteases (MMPs) Secreted by Human Fibroblast Cells 

MMPs Cleavage Sites # of Cleavage Sites References 

MMP-1 (Collagenase) Xaa*-Gly-Pro 12 (Berman, Leary, & 

Gage, 1979; Li, et al., 

2001; Kimura, Nomi, 

Yan, Orita, & Nishida, 

T., 2011) 

MMP-2 (Gelatinase A) Yaa**-Gly 542 (Koźák, Klisenbauer, & 

Juhás, 2003; Kimura et 

al., 2011) 

MMP-3 (Stromelysin 1) Ala-Gln 1 (Li et al., 2001; Kimura 

et al., 2011) 

MMP- 9 (Gelatinase B) 

 

Gly-Val 59 (Koźák et al., 2003) 

* Adapted from “Proteolytic Degradation Study of Silk Fibroin Hydrogel” by 

Chia-Li Lu, 2010, unpublished. 

*Xaa can be amino acid residues; Yaa can be amino acid residues: Ile, Val, Gln, 

Phe, Asn, Ser. 

 

Human corneal fibroblast cells (activated corneal stromal cells) de novo 

also produce metalloproteinases, degrading basement membrane components 

(Koźák, Klisenbauer & Juhás, 2003). Previous research proved that among all 

MMPs produced by human corneal fibroblast cells, MMP-1, MMP-2, MMP-3 and 

MMP-4 have recognition sites on silk fibrion (table 1). Therefore, human corneal 

fibroblast cells could degrade silk film contrasts used for corneal engineering. 

1.7 Statement of Purpose 

These silk films constitures are designed to imitate native ECM structure 

and function for regenerating lost or damaged tissue through supporting and 

guiding the growth of corneal fibroblast cells. The ideal scenario is matching 
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biomaterial matrix degrading rate to native ECM deposition rate, allowing 

complete ECM replacement (Sengupta et al., 2010). Based on this requirement, 

we are aiming at speeding up degradation rate of our silk films in vitro, for the 

purpose of trying to match the degradation time of our silk substitutes to the 

corneal tissue regeneration time in vivo. 

Corneal regeneration time was estimated based on a phase one clinical 

study of biosynthetic corneal alternative implants. The implants firmly integrated 

within the patients’ eyes and the activated stromal cells migrated into the implant 

and anchored the implants at 6 months post seeding (Fagerholm, Lagali,  Carlsson, 

Merrett, & Griffith, 2009; Fagerholm et al., 2010). Base on this study, 6 months 

should be sufficient time for the matrix to integrate into the recipient’s tissue and 

enough for corneal fibroblast cells to fully restore corneal ECM. Therefore, 

corneal tissue regeneration time could be estimated as 6 months. But silk films 

haven't showed adequately fast enough degradation in studies of our group. We 

are trying to accelerate the degradability of silk films through lowing β-sheet 

content and enzyme pretreatment in addition to lowest β-sheet level of water 

resistance. This in vitro degradation study will be a step toward understanding silk 

film degradation and allows quick, efficient and cost-effective means of screening 

a large number of conditions. Only based on this study, we would further 

optimize the in vivo degradation time of silk film constructs to 6 month to roughly 

match the human corneal regeneration time. 

 

Materials and Methods 
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2.1 Preparation of regenerated silk fibroin solutions 

All procedures followed our prior published methods (Rockwood et al., 

2011). Bombyx mori silk cocoons from Tajima Shoji Co., LTD (Sumiyoshicho, 

Naka-ku, Yokohama, Japan) were cut into fourths. For every 5 grams of cocoon 

degumming proceeded for 20 min in boiling 0.02 M sodium carbonate solution to 

remove the glue-like sericin proteins from the silk fibroin proteins. The fibroin 

fiber extract was  rinsed 6-7 times in distilled water and air dried overnight.  The 

dried degummed silk fibers were dissolved in 9.3 M lithium bromide solution at a 

ratio of 1 g of silk fibers per 4 mL of LiBr solution in 60°C oven for four hours.  

The solution was placed in a cellulose membrane based Slide-A-Lyzer® dialysis 

cassette (MWCO3500) (Pierce Biotechnology, Rockford, IL) and dialyzed against 

distilled water for 48 h to remove lithium bromide salt. The dialyzed silk solution 

was then centrifuged twice at 8,800 rpm for 20 min.  The supernatant was 

collected and stored at 4°C.  The final concentration of aqueous silk solution was 

between 5 and7 w/v %, determined by gravimetric analysis (Lawrence et al., 

2009).  

2.2 Preparation of Polydimethylsiloxane (PDMS) Molds for Silk Casting 

Patterned PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Corning, 

Midland, MI)substrates of 1.5 – 3.0 mm thickness were generated by casting on 

patterned optical mirror surface with grooves of 3.5 µm width and 500 nm depth 

(Edmund Optics, Inc, Barrington, NJ). The PDMS substrates were placed cast 

side up and prepared for silk solution casting (Lawrence et al., 2009; Lawrence et 
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al., 2010). 

2.3 Preparation of silk films from regenerated silk fibroin solutions 

A 1.1 mL aliquot of 1 w/v % silk solution was cast upon grooved PDMS 

molds resulting in 3 – 4 µm thick films after drying. The films were covered with 

a venting lid, and allowed to dry overnight in a chemical hood. Once dry, the 

films were water-annealed in a vacuum oven with a 200 mL water tray at the 

bottom at 25ºC, 20 mmHg vacuum for 30 to 60 min to obtain silk films with 

different levels of β-sheet. After annealing and drying, the silk films margins were 

sealed with scotch tape to form a frame preventing the films from collapsing 

when wet. 

2.4 Fourier Transform Infrared Spectroscopy Analysis 

To assess the secondary structure of the silk films, Fourier transform 

infrared spectroscopy (FTIR) analysis was performed by a multiple reflection, 

horizontal MIRacle attenuated total reflectance (ATR) (Ge crystal,  Pike Tech., 

Madison, WI) attached Jasco FT/IR-6200 spectrometer(JASCO, Tokyo, Japan), 

using our previously published procedures (Hu et al., 2010). For each mid-

infrared spectrum (400 ~ 4,000 cm-1), 128 scans were collected in reflection 

mode at 4 cm-1 resolution. The Amide I bands (1595 ~ 1705 cm-1) were resolved 

by Fourier self-deconvolution (FSD) in the Opus 5.0 software package (Bruker 

Optics, Billerica, MA) using a Lorentzian line shape and parameters equivalent to 

20 cm-1 bandwidth at half-height and a noise suppression factor of 0.3. Gaussian 

curve-fitting was conducted on the amide I spectra after resolution-enhancement 
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FSD. The β-sheet content of silk films was calculated from the areas of the 

individual assigned bands and their fraction of the total area in the amide I region. 

The peak absorption bands at 1,610 -1,625 and 1,696 - 1,704 cm-1 were assigned 

as β-sheet structure; the peak from 1,640 - 1,650 cm-1 was random-coil structure; 

1,650  1,660 cm-1 was alpha-helical bands position; and 1,660 ~-1,695 cm-1  was 

peak position for β turns. For each type of silk film, the conformational 

characterization was carried out on at least three samples prepared independently. 

Further comparison among the three types of silk films was made based on the 

average percentage of secondary structure (Hu et al., 2010). 

2.5 Preparation and Screening of Silk Films with Different β-sheet Contents 

To prepare silk films with different β-sheet content, water annealing and 

methanol treatment were used.  Low β-sheet content silk film were generated by  

room temperature water vapor annealing for 30 - 45 min. Silk films with this β-

sheet level were  just water stable with a β-sheet content of 17 -18 %. Medium β-

sheet content silk films were prepared by room temperature water vapor annealing 

for 45 -60 min (β-sheet content 23 - 24 %).  High β-sheet silk films were 

produced by treating the films with methanol for 5min to achieve around 55% β-

sheet content. High beta-sheet content films for cell culture studies were achieved 

by water vapor annealing using boiling water for 15 min, generating 43 - 45 % β-

sheet content.  

2.6 Enzymatic Pretreatment  

Some of low β-sheet silk films were pretreated with 0.0125 U/ml protease 



16 

 

XIV for 24h to further accelerate silk film degradation. 

2.7 RGD surface modification 

RGD functionalization followed our previously published procedures 

(Sofia et al., 2001).  The silk films were presoaked in BupH™ MES buffered 

saline, pH 6.0 (Thermo ScientificWaltham, MA) solution for 30 min. The –

COOH groups from the silk fibroin were activated with 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC–HCl)/N-

hydroxysuccinimide (NHS) solution for 30min at room temperature, generating 

amine-reactive NHS-esters on the silk film surface.  The films were washed with 

MES buffer three times and subsequently treated in 1mg/mL GRGDS peptide 

(Bachem, Torrance, CA) in MES buffer, pH 6.0 at room temperature for 2h (Gil 

et al., 2010 b).  After the GRGDS coupling reaction, the surface modified silk 

films were washed twice in MES buffer and five times in double distilled water.  

Silk films were sterilized by UV in biosafty hoods on both sides of silk film 

overnight. 

2.8 Enzyme degradation 

Silk film samples of 15 mg (±1 mg) with low, medium and high β-sheet 

content were  incubated at 37°C in phosphate-buffered saline (PBS) solution 

containing protease XIV from Streptomyces griseus ( EC 3.4.24.31) or α-

chymotrypsin from human pancreas ( EC3.4.21.1) in 1.5 ml Eppendorf tubes.  

Serial enzyme concentrations were applied to identify the degradation differences 

of silk films with different amounts of β-sheet. Degradation studies were 
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performed with 0.1, 0.05, 0.025 U/ml Protease XIV and 1, 0.5, 0.25 U/ml α-

chymotrypsin in phosphate buffered saline (PBS) (Li, Ogiso, & Minoura, 2003).  

At daily time points, silk film residues were centrifuged at 10,000 rpm for 10 

minutes and wash twice with Milli-Q water.  After rinsing, silk films residues 

were centrifuged again at 10,000 rpm for 10 minutes to collect the silk residues.  

The silk film residues were dried overnight in a chemical hood and the mass 

determined using an analytical balance. Fresh enzyme solution was added to each 

tube and the samples were incubated at 37ºC.  Six samples from each group were 

taken at each time point to get statistically significant data (N= 6).  Samples 

incubated in PBS at 37°C without enzymes served as controls (Hu et al., 2010). 

2.9 Human corneal fibroblast cell culture and silk films seeding 

Primary human fibroblast cells (hCFs) isolated from donor corneas (kindly 

donated by Dr. May Griffith, University of Ottawa Eye Institute) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) with high glucose and 

GlutaMAX
TM
 (Invitrogen, Grand Island, NY) containing 10% fetal bovine serum 

(FBS) and 1% antibiotic-antimycotic (Invitrogen, Grand Island, NY). Cells were 

maintained at 37oC in a 5% CO2 incubator. The cultures were detached from their 

substrates using 0.25% Trypsin (Invitrogen, Grand Island, NY ). The hCF cells 

were seeded on sterile square silk films (1.5 × 1.5 cm
2
) with varying beta-sheet 

content at a cell density of 20,000 cells/cm
2
 for 8 weeks (Gil et al., 2010 b). Non-

seeded silk films with different β-sheet content served as controls. Cells 

proliferation rates on silk films were analyzed by Alamar blue at day 1, 7 and 14 

according to manufacturer's protocol. Cell number at each time point was 
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normalized to  seeding number at day 0. Silk film degradation by hCFs was 

examined by scanning electron microscopy (SEM) at week 2, 4, 6, 8 post-seeding 

following cell detachment as described below. 

2.10 Scanning Electron Microscopy (SEM) 

Morphological analysis of degraded silk films was performed by SEM 

(Zeiss UltraPlus SEM or Zeiss Supra 55 VP SEM, Carl Zeiss SMT Inc., Peabody, 

MA) at a voltage of 2-3 kV. During hCF cell degradation, samples were taken at 2 

weeks intervals until week 8.  After trypsinizing the hCF cells, the silk films were 

punched into round biopsies of 10 mm diameter. Silk films biopsies were 

progressively dehydrated twice in a graded series of ethanols (50 %, 70 %, 80 %, 

90 %, 95 % and in 100 %, 10 min at each concentration). The samples were 

subsequently dried by hexamethyldisilazane (HMDS, Electron Microscopy 

Science, Hatfield, PA) overnight. After drying samples were coated with a thin 

(10nm) layer of platinum/palladium using a sputter coater (208HR, Cressington 

Scientific Instruments Inc., Cranberry Twp, PA) prior to imaging. The roughness 

increase of degraded silk films was quantified by MeX
®
 software (Alicona, 

Bartlett, IL) on three samples. Average Roughness (Ra) was calculated based on 

the formula: ∑ =
=

n

i iy
n

Ra
1

1
. Root mean square roughness (Rq) was calculated 

based on the formula: ∑ =
=

n

i iy
n

Rq
1

21
. To compare the dimensions of the 

degradation features, the length, width and area of ten irregular degradation pits 

were measured (N = 10) using ImageJ image processing and analysis software 

(National Institutes of Health) across diametrically opposite ends of the pits. The 
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pit distribution density was counted based on seven views. The densities of 

degradation holes and cracks were determined based on measurement on three 

views.  

2.11 Statistical Analyses 

All data are presented as mean ±standard deviation.  Statistical analyses 

were performed by using one way or two way- analysis of variance (ANOVA) to 

calculate differences. P< 0.05 was regarded as statistically significant. Statistically 

significant differences are indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 

0.001). 

 

Results 

3.1 Water resistantssilk films produced by water vapor annealing-induced 

physical β-sheet cross-links 

Silk films with various β-sheet contents were produced by water vapor 

annealing or methanol immersion and were studied by FTIR spectroscopy. 

Deconvolution of the amide I region was performed for secondary structure 

quantification. Methanol immersed silk films (top curve in Figure 2) showed a 

strong absorption peak centered at 1,610 -1,625 cm
-1
, which was assigned to the 

β-sheets of silk (Hu et al., 2010). These films had 54-55 % β-sheet content and 

were classified as 'high β-sheet films' Silk films water vapor annealed for 30-45 

min had β-sheet content of 17-18% and were deemed 'low β-sheet films' as 

shorter treatments resulted in films with no structural integrity that dissolved in 
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aqueous environments. The secondary structure of 'low β-sheet films' (bottom 

curve in Figure 2), was dominated by random coil conformations (1,640 - 1,650 

cm-1).  'Medium β-sheet films' were  produced by water vapor annealing at 25°C 

for 45 -60 min and showed   increased β-sheet content compared with the low β-

sheet silk films as demonstrated by the small shoulder peak (middle curve in 

Figure 2) and β-sheet content of 23-24%. Low, medium and high β-sheet films 

were structurally stable, possessed clear grooved patterns necessary for cell 

alignment and were optically transparent.  

 

 

Figure 2. FTIR spectra of the Amide I region of the silk films with various β-sheet contents: 
low (bottom), medium (middle) and high (top). The percentages of β-sheets were determined 

by Fourier self-deconvolution 

 

3.2 Degradation of silk film in vitro by human pancreatic α-chymotrypsin 

The α-chymotrypsin from human pancreas was used to degrade silk films 

at concentrations of 1, 0.5 and 0.25 U/ml. No degradation occurred on the control 
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silk films incubated in PBS without enzyme. Bulk degradation was observed in 

the optical micrographs of all the silk films incubated with α-chymotrypsin at day 

4 (Figure 3). The films broke into pieces with the nanometer scale film pattern 

remaining mostly intact. The remaining mass of silk films over time was 

quantified by weighing the silk film residues after drying (Figure 4A). Silk 

degradation level correlated with β-sheet content, where high β-sheet films 

showed no significant mass loss over 4 days with α-chymotrypsin concentrations 

up to 1 U/ml, while low β-sheet showed significantly more mass loss compared to 

medium β-sheet films at all enzyme concentrations (Figure 4A).  

 

 

Figure 3. Optical micrographs of bulk degraded silk films in α-chymotrypsin at various 

concentrations after 4 days of degradation. 
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3.3 Degradation of silk film in vitro by Protease XIV degradation  

 Unlike with α-chymotryspin, high β-sheet films showed 3 % and 12 % 

mass loss at 0.05 U/ml and 0.1 U/ml of enzyme. Mass differences between low 

and medium, as well as low and high β-sheet films were significant at day 4 at all 

enzyme concentrations (Figure 4 B).  
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Figure 4. Time-dependent enzyme degradation profiles of silk films with various β-sheet 

contents with (A) human pancreatic α-chymotrypsin and (B) bacterial protease XIV. Film 
degradation is expressed as % remaining mass, such that lower remaining mass indicates 

greater level of film degradation. 

 

3.4 Human corneal fibroblast cells proliferation assay on silk films with 

various β-sheet levels 

Human corneal fibroblasts were seeded on silk films with different β-sheet 

contents (low, medium and high) to assess the effect of β-sheet content on cell 

proliferation and therefore correlate cell numbers with cellular degradation 

properties of silk films. No significant difference was observed in the cell 

numbers on different silk films over a 15 day period, as assessed by Alamar blue 

metabolic assay (Figure 5).  
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Figure 5. Equivelant hCF cell proliferation behaviors on silk films with various β-sheet levels. 

The cell number was normalized to initial cell number seeded on each silk film. 

 

3.5 Cell degradation of silk films with different β-sheet levels 

Since there was no proliferation difference among hCFs on silk films with 

different β-sheet content, hCFs were seeded on the different films at same density 

and cultivated to compare degradation difference of silk films.  In order to assist 

cell degradation in addition to the lower β-sheet content films, protease XIV 

enzyme pre-treated films were also assessed. Silk film degradation by hCFs was 

assessed by analyzing surface roughness and quantifying degradation features on 

the film surface following cell removal from the silk films at 2,4 ,6 and 8 weeks 

post-seeding.  

In order to quantify the degradation process of the silk films at the early 

stages when no obvious degradation features are observed, roughness changes on 

the film surfacewere monitored throughout the cell culture period. The most 

commonly assessed roughness parameter, average roughness (Ra)and root mean 

square roughness (Rq),a parameter that measures the variance of the amplitude 
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distribution function were monitored on low, medium and high β-sheet films and 

on enzyme pre-treated films following incubation with hCFs (Figure 6).  Enzyme 

pre-treatment caused a 23% increase in the film surface roughness (Ra and Rq) 

prior to incubation with hCFs, but did not affect the structural integrity or optical 

transparency of the silk films. Films pre-treated with enzyme also showed the 

greatest overall increase in Ra and Rq in the presence of hCFs, with Ra increasing 

1.6-fold and Rq increasing 1.4-fold by week 8 post-seeding.  At week 8 post-

seeding, Ra and Rq of enzyme pre-treated silk films were significantly higher 

compared to all non -treated films. The Ra of low β-sheet films increased 1.3-fold 

by week 8 post-seeing, compared to 0.2-fold increase in medium and 0-fold 

increase in high β-sheet films (Figure 6A). Similarly, Rq of low β-sheet films 

increased by 1.2-fold, compared to 0.3-fold and 0-fold increase in medium and 

high β-sheet films respectively.  

By week 8 post-seeding, hCF cells formed apparent degradation features  

on the enzyme pretreated , but not on the other films.  The degradation features 

included: degradation pits, cracks and holes (Figure 7). Degradation pits were 

shallow pits where surface pattern grooves of silk films were eroded due to hCF 

degradation (Figure 7 A). Small degradation holes formed along the base of the 

grooves in the patterned silk films. A number of small degradation holes 

connected together into degradation cracks. Unlike the degradation pits which 

crossed the grooves, the degradation cracks formed along the grooves of the 

patterned silk films, where the films were eroded and split open (Figure 7 B). The 

dimensions and density of the above degradation features were quantified and 
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listed in Tables 2 and 3. Degradation pits presented at the density of 150 ± 80 

/mm2, were around 3± 0.8 µm in length, 2± 1µm in width and 10 ± 7 µm2 in area. 

There were around 300 smaller degradation holes and 36 cracks formed per 

millimeter groove. Since smaller holes linked together to form cracks, the ratio of 

small holes and cracks was also counted as 10:1. 
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[A] 

 

[B] 

 

Figure 6. Increase in surface roughness features including (A) Average Roughness, Ra and 

Root Mean Square Roughness, Rq of the silk films induced by human corneal fibroblast 

degradation over an 8 week culture period. The 3D reconstruction of the surfaces is shown in 

the inset. 
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[A]

 
[B] 

 

Figure 7. Figure 6A. Scanning electron micrographs of the silk films after degradation with 
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hCF for 8 weeks showing (A) degradation pits (arrows) and (B) degradation holes and cracks 

(arrows). One of the cracks was zoomed in the right bottom corner. 

 

Table 2 Degradation pits dimensions (mean ±standard deviation)  

Density (/mm2)  150 (±80) 

Length (µm)  3 (±0.8) 

Width (µm)  2 (±1) 

Area (µm2)  10 (±7) 

 

Table 3 Degradation holes and cracks dimensions (mean ±standard deviation) 

Density of Holes(/mm Groove)  300 (±145) 

Density of Cracks(/mm Groove)  30 (±14) 

Holes/Cracks  10 : 1  

 

 

Discussion 

Patterned silk films are promising biomaterial candidates for engineering 

the complex hierarchical structure of the human cornea, but do not degrade at a 

fast enough rate to match corneal regeneration needs. In this study, the 

degradation behavior of silk films with low β-sheet (17-18%) content was 

compared to that of medium (23-24%) and high (54-55%) β-sheet content films. 

The level of crystallinity (β-sheet content) is strongly correlated to the 

degradation properties of silk materials (Hu et al., 2010; Cao, & Wang, 2009). 

Low β- sheet content contributes to less-compacted structure that allows easier 

binding of proteolytic enzymes and faster silk hydrolysis (Cao, & Wang, 2009). 
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However, some level of crystallinity is necessary to stabilize the silk structure in 

aqueous environments (Vepari, & Kaplan, 2007). Therefore, there exists a trade-

off between fast degradation and stability of silk films in aqueous environments. 

A minimum β-sheet content of 17-18% was necessary to maintain structural 

stability and integrity of patterned, optically transparent silk films in this study. 

These low β-sheet films displayed faster enzymatic degradation rates compared to 

medium and high β-sheet films in the presence of α-chymotryspin and Protease 

XIV. Previous research demonstrated that protease XIV from Streptomyces 

griseus caused the most significant degradation of silk materials, degrading both 

amorphous and crystal regions (Horan et al., 2005; Numata et al., 2010). Unlike 

protease XIV, α-chymotrypsin only degrades the less crystalline domains in the 

silk (Altman et al. 2003) without activity toward the β-sheet crystals (Numata et 

al., 2010).  

The surface roughness properties (Ra and Rq) of low β-sheet silk films 

also increased to a greater extent compared to medium and high β-sheet films in 

the presence of human corneal fibroblasts in vitro. Human corneal fibroblast cells 

(hCFs) produce matrix metaloproteinases MMP-1， MMP-2， MMP-3 and 
MMP-9 which have recognition sites on silk fibroin (Berman, Leary, & Gage, 

1979;  Li et al., 2001; Kimura, Nomi, Yan, Orita, &Nishida., 2011;  Koźák,  

Klisenbauer, & Juhás, 2003).  However, other than an increase in surface 

roughness properties, hCFs did not generate any other discernible degradation 

features on the silk films over the 8 week culture period. Other cell types, 

including osteoblasts, osteclasts and human mesenchymal stem cells have 
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previously been shown to generate obvious degradation features, including large 3 

µm pits on the patterned silk surface (Sengupta et al., 2010).   

To further enhance the degradation behavior of low β-sheet films, they 

were pre-treated with a low concentration (0.0125 U/ml) of protease XIV enzyme 

prior to cell culture. This treatment initiated the degradation of silk films without 

compromising the structural integrity, It is likely that protease XIV loosened the 

compact secondary structure of low β-sheet silk films, leading to the increased 

initial surface roughness and faster degradation. Enzyme pre-treated films 

displayed the greatest increase in surface roughness (Ra and Rq) and higher 

overall surface roughness at 8 weeks post-seeding. These films were also the only 

condition that displayed discernible degradation features on the film surface, 

including degradation pits, holes and cracks. Most degradation features, especially 

degradation holes and cracks were observed along the base of the patterned 

grooves on the film surface.  The width and the depth of these microfabricated 

grooves were essential nanotopography parameters to align the cells (Loesberg et. 

al., 2007).  As hCF cells aligned along the grooves,the edges of grooves were first 

exposed to MMPs secreted by aligned cells. Accumulated MMPs at the edges of 

grooves degradaded the silk films and resulted in fragile regions along the base of 

the grooves, resulting in degradation holes and cracks. First, small degradation 

holes appeared along the grooves and this feature increased as the degradation 

holes connected together into numerous degradation cracks.  

This study provided a protocol to significantly accelerate degradation of 

silk films starting with short time water vapor annealing to generate low β-sheet 
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(17-18%) films, followed by enzymatic pretreatment with Protease XIV. 

Lowering β-sheet content to the limit of water stability balanced the trade-off 

between silk film structural integrity in aqueous environments and faster 

degradation rates, while enzyme pre-treatment further enhanced degradation 

properties allowing initiation of film degradation by hCFs within an 8 week 

period.  This novel processing protocol makes silk films more suitable for the 

construction of human corneal stroma tissue and a promising way to tune silk film 

degradation properties to match the corneal tissue regeneration rate. Since silk 

degradation trend has been correlated to its in vivo degradation rate (Horan et al., 

2005), successful film degradation by hCFs in in vitro now warrants further 

investigation of these films in vivo.  This protocol is also of potential utility in a 

broader range of biomaterial needs where more rapid degradation or remodeling 

rates would be advantageous in repairs and regenerative medicine needs. 

 

Future Directions 

Considering the complex environment in vivo, a better understanding of 

enzyme pretreated low β-sheet silk film degradation in vivo is required. Three 

dimensional hCF cultures on enzyme pretreated low β-sheet silk films would be 

done to construct the corneal stroma substitute. In three dimensional cultures, 

corneal stroma substitute constructing silk films would be exposed to hCF on both 

sides, thus the degradation of silk film constructs would be different from the 

degradation behavior of single silk film. After the three dimensional in vitro hCF 

cell degradation, the corneal stroma substitute constructing from enzyme 
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pretreated low β-sheet silk films would be implanted into animal models for 

integration, vision recovery and degradation study. Besides enzyme pretreatment 

and low β-sheet content, fast degradable biomaterials such as elastin and collagen 

could be added into silk films through blending or genetically engineering to 

further accelerate degradation of silk films. 

 



34 

 

Bibliography 

Abahussin, M., Hayes, S., Cartwright, N. E. K., Cristina, S. K. L., Khan, Y., 

Marshall, J., & Meek, K. M. (2009). 3D collagen orientation study of the 

human cornea using x-ray diffraction and femtosecond laser technology. 

Investigative Ophthalmology & Visual Science, 50(11), 5159-5164. 

Altman, G. H., Diaz, F., Jakuba, C., Calabro, T., Horan, R. L., Chen, J., Lu, H., 

Richmond, J., & Kaplan, D. L. (2003). Silk-based biomaterials. 

Biomaterials, 24, 401–416. 

Arai, T., Freddi, G., Innocenti, R., & Tsukada, M. (2004). Biodegradation of 

Bombyx mori silk fibrion fibers and films. Journal of Applied Polymer 

Science, 91, 2383-2390.  

Berman, M., Leary, R., & Gage, J. (1979). Collagenase from corneal cell cultures 

and its modulation by phagocytosis. Investigative Ophthalmology & Visual 

Science, 18(6), 588-601.  

Boote, C., Dennis, S., Huang, Y., Quantock, A. J., & Meek, K. M. (2005). 

Lamellar orientation in human cornea in relation to mechanical properties, 

Journal of Structural Biology, 149 (1), 1–6.  

Cao, Y., & Wang, B. (2009). Biodegradation of silk biomaterials. International 

Journal of Molecular Sciences, 10, 1514-1524.  

Chen, L., Meng, Q., Kao W., & Xia, Y. (2011). IκB kinase β regulates epithelium 

migration during corneal wound healing. PLoS ONE, 6(1): e16132. 

Chirila, T. V., Hicks, C. R., Dalton, P. D., Vljayasekara, S., Lou, X., Hong, Y., 

Clayton, A. B., Ziegelaar, B. W., Fitton, J. H., Platten, S., Crawfordb, G. J., 

& Constableb, I. J. (1998). Artificial cornea. Progress in Polymer Science, 

23, 44-413. 

Crabb, R. A. B., Chau, E. P., Evans, M. C., Barogas, V. H., & Hubel, A. (2006). 

Biomechanical and microstructural characteristics of a collagen film-based 

corneal stroma equivalent. Tissue Engineering, 12(6), 1565-1575. 

Daxer, A., & Fratzl, P. (1997). Collagen fibril orientation in the human corneal 



35 

 

stroma and its implication in keratoconus. Investigative Ophthalmology & 

Visual Science, 38(1), 121-129. 

Fagerholm, P., Lagali, N. S., Carlsson, D. J., Merrett, K., & Griffith, M. (2009). 

Corneal regeneration following implantation of a biomimetic tissue-

engineered substitute. Clinical and Translational Science Journal, 2, 162-

164. 

Fagerholm, P., Lagali, N. S., Merrett, K., Jackson, W. B., Munger, R., Liu, Y., 

Polarek, J. W., Söderqvist, M., & Griffith, M. (2010). Science Translational 

Medicine, 2(46), 46-61. 

Fini, M. E., & Girard, M. T. (1990). Expression of collogenolytic/gelatinolytic 

metalloproreinases by normal cornea. Investigative Ophthalmology & 

Visual Science, 31, (9). 1779-1788. 

Gil, E. S., Park, S. H., Marchant, J., Omenetto, F. G., & Kaplan, D. L. (2010a). 

Response of human corneal fibroblast on silk film surface patterns. 

Macromolecular Bioscience, 10, 664-673.  

Gil, E. S., Mandal, B. B., Park, S. H., Marchant, J., Omenetto, F. G., & Kaplan, D. 

L. (2010b). Helicoidal multi-lamellar features of RGD-functionalized silk 

biomaterials. Biomaterials, 31, 8953-8963. 

Griffith, M., Osborne, R., Munger, R., Xiong, X. J., Doillon, C. J. & Laycock, N. L. 

C. (1999). Functional human corneal equivalents constructed from cell lines. 

Science, 286 (5447), 2169–2172. 

Hakimi, O., Knight, D. P., Vollrath, F., Vadgama, P. Composites, Part, B.       

(2007). Spider and mulberry silkworm silks as compatible biomaterials. 

Bio-engineered Composites, 38, 324–337. 

Heslot, H. (1998). Artificial fibrous proteins: a review. Biochimie, 80(1), 19-31.  

Horan, R. L., Antle, K., Collette, A.  L., Wang, Y., Huang, J., & Moreau, J. E. 

(2005). In vitro degradation of silk fibroin. Biomaterials, 26(17), 3385-3393.  

Hu, X., Shmelev, K., Sun, L., Gil, E. S., Park, S. Y., Cebe, P., & Kaplan, D. L. 

(2011). Regulation of silk material structure by temperature-controlled 



36 

 

water vapor annealing. Biomacromolecules, 12, 1686–1696. 

Jeong, L., Lee, K. Y., Liu, J. W., & Park, W. H. (2006). Time-resolved structural 

investigation of regenerated silk fibroin nanofibers treated with solvent vapor. 

International Journal of Biological Macromolecules, 38, 140–144.  

Jin, H. J., Park, J., Karageorgiou, V., Kim, U. J., Valluzzi, R., Cebe, P., & Kaplan, D. 

L. (2005). Water-stable silk films with reduced β-sheet content. Advanced 

Functional Material, 15, 1241-1247.  

Kimura, K., Nomi, N., Yan, Z. H., Orita, T., & Nishida, T. (2011). Inhibition of poly 

(I:C)–induced matrix metalloproteinase expression in human corneal 

fibroblasts by triptolide. Molecular Vision, 17, 526-532. 

Komai, Y., & Ushiki, T. (1991). The three-dimensional organization of collagen 

fibrils in the human cornea and sclera. Investigative Ophthalmology & Visual 

Science, 32(8), 2244-2258. 

Koźák, I., Klisenbauer, D., & Juhás, T. (2003). UV-B induced production of MMP-2 

and MMP-9 in human corneal cells. Physiological Research, 52, 229-234.  

Lawrence, B. D., Marchant, J. K., Pindrus, M. A., Omenetto, F. G., & Kaplan, D. L. 

(2009). Silk film biomaterials for cornea tissue engineering. Biomaterials, 30, 

1299–1308.  

Lawrence, B. D., Wharram, S., Kluge, J. A., Leisk, G. G., Omenetto, F. G., 

Rosenblatt, M. I., & Kaplan D. L. (2010). Effect of hydration on silk film 

material properties. Micromolecular Bioscience, 10, 393–403.  

Leal-Ega˜na, A., & Scheibel, T. (2010). Silk-based materials for biomedical 

applications. Biotechnology Applied Biochemistry, 55, 155–167.  

Leonardi, A., Cortivo, R., Fregona, I., Plebani, M., Secchi, A. G., & Abatangelo, G. 

(2003). Effects of Th 2 cytokines on expression of collagen, MMP-1, and 

TIMP-1 in conjunctival fibroblasts. Investigative Ophthalmology & Visual 

Science, 44(1), 183-189. 

Li, D. Q., Lee, S. B., Gunja-Smith, Z., Liu, Y., Solomon, A., Meller, D., & Tseng, S. 

C. G. (2001). Overexpression of collagenase (MMP-1) and stromelysin 



37 

 

(MMP-3) by pterygium head fibroblasts. Archives Ophthalmology, 119, 71-

80.  

Li, M., Ogiso, M., & Minoura, N. (2003). Enzymatic degradation behavior of porous 

silk fibroin sheets. Biomaterials, 24(2), 357-365. 

Li, X. G., Wu, L. Y., Huang, M. R., Shao, H. L., Hu, X. C. (2007). Conformational 

transition and liquid crystalline state of regenerated silk fibrion in water. 

Biopolymers, 89(6). 497-505. 

Loesberg, W. A., te Riet, J., van Delft, F. C., Schön, P., Figdor, C. G., Speller, S., 

van Loon, J. J., Walboomers, X. F., & Jansen, J. A. (2007). The threshold at 

which substrate nanogroove dimensions may influence fibroblast alignment 

and adhesion. Biomaterials, 28 (27), 3944–3951. 

Lu, Q., Hua, X., Wang, X., Kluge, J. A., Lua, S., Cebe, P., & Kaplan, D. L. (2010). 

Water-insoluble silk films with silk I structure. Acta Biomateiarialia, 6(4), 

1380–1387.  

Lu, Q., Zhang, B., Li, M., Zuo, B., Kaplan, D. L., Huang, Y., & Zhu, H. (2011). 

Degradation mechanism and control of silk fibroin. Biomacromolecules, 12, 

1080–1086.  

Martel, A., Burghammer, Davies, R. J., & Riekel. C. (2007). Thermal behavior of 

Bombyx mori silk: Evolution of crystalline parameters, molecular structure, 

and mechanical properties. Biomacromolecules, 8, 3548-3556.  

Min, B. M., Jeong, L., Lee, K. Y., & Park, W. H. (2006). Regenerated silk fibroin 

nanofibers: Water vapor-induced structural changes and their effects on the 

behavior of normal human cells. Macromolecular Bioscience, 6, 285–292. 

Naira, L. S., & Laurencina, C. T. (2007). Biodegradable polymers as biomaterials. 

Progress in Polymer  Science, 32, 762-798.  

Nuanchai, K., Pachera, S., & Wilaiwan, S. (2009). In vitro degradation behavior of 

Bombyx mori silk fibroin films exposure to protease XXIII. Biotechnology, 

8(4), 468-472. 

Numata, K., Cebe, P., & Kaplan, D. L. (2010). Mechanism of enzymatic degradation 



38 

 

of β-sheet crystals. Biomaterials, 31, 2926–2933.  

Rockwood, D. N., Preda, R. C., Yücel, T., Wang, X., & Lovett, M.L. (2011). 

Materials fabrication from Bombyx mori silk fibroin. Nature Protocols, 6. 

1612-1631. 

Ruberti, J. W., & Zieske, J. D. (2008). Prelude to corneal tissue engineering – 

gaining control of collagen organization. Progress in Retinal and Eye 

Research, 27, 549–577.  

Sasaki, S., Funamoto, S., Hashimoto, Y., Kimura, T., Honda, T., Hattori, S., 

Kobayashi, H., Kishida, A, & Mochizuki, M. (2009). In vivo evaluation of a 

novel scaffold for artificial corneas prepared by using ultrahigh hydrostatic 

pressure to decellularize porcine corneas. Molecular Vision ,15,2022-2028. 

Sengupta, S., Park, S. H., Gil, S. E., Patel, A., Numata, K., Lu, C. L., & Kaplan, D. 

L. (2010). Quantifying osteogenic cell degradation of silk biomaterials. 

Biomacromolecules, 11, 3592–3599.  

Shah, A., Brugnano, J., Sun, S., Vase, A., & Orwin, E. (2008). The development of a 

tissue-engineered cornea: biomaterials and culture methods. Pediatric 

Research, 63(5), 535-544.  

Sofia, S., McCarthy, M. B., Gronowicz, & Kaplan D. L. (2001). Functionalized silk-

based biomaterials for bone formation. Journal of biomedical materials 

research, 54(1): 139-148. 

Sugioka, K., Yoshida, K., Kodama, A., Mishima, H., Abe, H., Munakata, H., & 

Shimomura, Y.  (2010). Connective tissue growth factor cooperates with 

fibronectin in enhancing attachment and migration of corneal epithelial cells. 

Tohoku Journal of Experimental Medicine, 222, 45-50. 

Suzuki, Y., Matsui, H., Tsujimoto, Y., & Watanabe. K. (2009). Enzymatic 

degradation of fibroin fiber by a fibroinolytic enzyme of brevibacillus 

thermoruber YAS-1. Journal of Bioscience and Bioengineering, 108 (3), 

211–215.  

Vepari, C., & Kaplan, D. L. (2007). Silk as a Biomaterial. Progress in Polymer 

Science, 32(8-9): 991–1007.  



39 

 

Wang, X., Kluge, J. A., Leisk, G. G., & Kaplan, D. L. (2008). Sonication-induced 

gelation of silk fibroin for cell encapsulation. Biomaterials, 29(8), 1054-1064.  

West-Mays, J. A., & Dwivedi, D. J. (2006). The keratocyte: corneal stromal cell 

with variable repair phenotypes. The International Journal of Biochemistry 

& Cell Biology, 38(10), 1625–1631.  

Zhang, C., Nie, X., Hu, D., Liu, Y. Deng, Z., Dong, R., Zhang, Y., & Jin, Y. (2007). 

Survival and integration of tissue-engineered corneal stroma in a model of 

corneal ulcer. Cell and Tissue Research, 329, 249–257. 

Zhou, P., Xie, X., Knight, D. P., Zong, X. H., Deng, F., & Yao, W. H. (2004). 

Effects of pH and calcium ions on the conformational transitions in silk 

fibroin using 2D raman correlation spectroscopy and 13C solid-state NMR. 

Biochemistry, 43, 11302-11311. 

Zhou, C. Z., Confalonieri, F., Medina, N., Zivanovic, Y., Esnault, C., Yang, T., et al. 

(2000). Fine organization of Bombyx mori fibroin heavy chain gene. Nucleic 

Acids Research, 28(12), 2413-2419. 


