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ABSTRACT 

Impaired wound healing of the ocular surface can lead to persistent epithelial defects which can 

result in a range of corneal pathologies and loss of vision. Current techniques for ocular surface 

repair, relying upon the application of exogenous biomaterials to promote tissue regeneration, 

provide only partially effective solutions due to limitations in their material properties. As such, 

there is an apparent need to develop novel biomaterial-options and therapies that provide healing 

acceleration, reduce wound-related complications, and ultimately enable enhanced clinical 

approaches. The works illustrated here further characterize and evaluate the employment of silk 

fibroin as a novel biomaterial selection for ocular surface repair applications. The use of silk 

fibroin-based biomaterials for a wide range of biomedical applications, and its set of unique 

material features and properties are reviewed. The various methods and processing modalities 

that are used to produce silk fibroin-based biomaterials, and their resultant impact on the 

protein’s molecular and bio-functional properties, are thoroughly discussed. A wide range of in 

vitro and in vivo experiments were conducted to evaluate the wound healing effects of 

regenerated silk fibroin protein solution, derived from Bombyx mori silkworm cocoons. These 

studies demonstrated silk fibroin’s stimulatory effects on corneal epithelial cell behaviors, 

including cell migration, proliferation and cell-matrix adhesion, when silk fibroin is added in 
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solution form during in vitro cell culture. Additionally, the therapeutic application of silk fibroin 

solution onto the ocular surface, following injury, promotes tissue re-epithelialization and an 

enhanced corneal wound healing response in an in vivo rabbit corneal abrasion model. 

Furthermore, silk fibroin protein solutions of different molecular weights were produced and 

used in vitro to study the molecular basis of the protein’s physiological and bio-functional 

effects. The ability of silk fibroin to influence corneal epithelial cell behaviors involved in the 

wound healing response is shown to be dependent on the fragment size of the silk protein 

delivered. Collectively, the presented works represent a comprehensive evaluation of silk 

fibroin’s wound healing properties, and findings will enhance the potential for clinical translation 

and use of silk fibroin for tissue regeneration and repair of the ocular surface. 
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Introduction 

 
As the outermost tissue layer covering the ocular surface, the corneal epithelium is an 

extremely vulnerable part of the eye and it is susceptible to a range of chemical, mechanical, and 

thermal traumatic insults as well as damage from the use of ocular medications, surgical 

procedures, or immune processes.1-6 Corneal injuries are extremely painful and severe damage 

often renders the naturally occurring regenerative abilities of the cornea incapable of restoring a 

normal healthy epithelium, ultimately leading to the occurrence of corneal disease and a loss of 

vision from a poorly refracting ocular surface.5-7 In fact, over 50 million people worldwide suffer 

from blindness as a result of corneal disease and nearly 2.5 million new civilian eye injuries 

occur each year in the United States, representing the single most important ocular 

environmental health problem today.6-8  

Clinical approaches to corneal injuries have been relatively limited in treatment options. 

Current treatment methods utilize mechanical patch coverings or bandage contact lenses along 

with antibiotics to stop the potential for continued injury and infection to the damaged area.7-9  

However, these methods are inconvenient to the patient and serve as protection to the ocular 

surface during wound healing, while not necessarily enhancing tissue regeneration. Artificial tear 

formulations are also commonly recommended to provide transitory relief of pain and irritation, 

but they do not effectively enhance the healing process or reduce inflammation.7-9 In some cases, 

there is a depletion of corneal epithelial stem cells in addition to the presence of an aberrant 

substratum for corneal epithelial maintenance.7,10 Corneal autografts from a contralateral normal 

eye, or allografts from living related or cadaveric donors have been used to repopulate the ocular 

surface with needed stem cells.7,10 Unlike transplantation of central corneal buttons in 

penetrating keratoplasty, the transplantation of limbal allograft segments requires systemic 
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immunosuppression. However, even with aggressive immunosuppression, the success of limbal 

autografts is poor, with a rejection rate of 35% within the first 5 years of transplantation.7,10 

Another class of intervention for ocular surface repair involves the application of 

exogenous biomaterials to serve as substrates upon which adherent corneal epithelial cells can 

migrate and regenerate new and healthy ocular tissue.7,11 Amniotic membrane, also known as 

amnion, is a tissue derived from the innermost layer of the placenta after a human baby is born 

and has been the premier choice and most widely used biomaterial for these applications. It is 

often applied as an over-laid “biological contact lens” or as an inlay, onto which healing 

epithelium may regenerate, for corneal and conjunctival reconstruction in a variety of ocular 

surface diseases.7,11 While the ophthalmic community has embraced the use of this biomaterial 

for regenerative purposes, as indicated by the growth of sales and the continual emergence of 

suppliers in the market, amnion is typically reserved for more severe eye injuries as it requires 

surgical setup, is relatively expensive, in some cases requires cryo-storage, is known to have 

varying material properties, and has the potential to transmit disease because of its donor 

origins.11 In addition, steroidal or non-steroidal anti-inflammatory drugs (NSAID) may be 

provided to reduce inflammation, but are sparingly used because of the potential for negative 

side effects that slow down wound healing.12,13 As a result, there is an increasing demand for 

more advanced clinical approaches and a large need for novel regenerative therapies in the 

ophthalmic space that enhance the regeneration of the ocular surface, reduce inflammation, 

enhance patient comfort, and offer ease-of-use from an application standpoint.   

Silk fibroin is a unique protein polymer derived from Bombyx mori silkworm cocoons 

and is considered to be a novel biomaterial selection for use in ocular surface repair 

applications.14 While silk fibroin has been used as surgical sutures for decades, silk fibroin based 
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biomaterials have been recently under investigation for use in tissue engineering and 

regenerative medicine applications.14 This is mainly due to its set of controllable material 

features, thermal and mechanical stability, ability to be processed into a range of material 

formats, and inherent anti-inflammatory and non-immunogenic properties when used in vivo, 

offering a number of advantages over other commonly used bio-polymers.14-16 Additionally, 

studies have successfully demonstrated the therapeutic use of regenerated silk fibroin protein to 

promote tissue regeneration when applied as a wound dressing.17-19 Moreover, recent studies 

have been dedicated to investigating the molecular basis underlying the active wound healing 

properties of silk fibroin, and have provided convincing evidence that the biological activity of 

silk fibroin is dependent upon the chemical and molecular structuring of the silk fibroin 

protein.20-21 This knowledge is employed in this dissertation to demonstrate the pro-regenerative 

properties of silk fibroin protein through stimulation of wound healing in both in vitro and in 

vivo corneal models. Moreover, the bio-functional impact on the wound healing process is shown 

to be further enhanced through the processing and separation of hydrolyzed protein fragments 

derived from silk fibroin, providing the foundation for future work dedicated to identifying the 

active components and domains of the silk fibroin protein that contribute to its wound healing 

properties.  
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Chapter 1 

Processing of Silk Biomaterials 

Waleed Abdel-Naby1 and B.D. Lawrence2 

1Department of Biomedical Engineering, Cornell University, Ithaca, NY 14853, USA 

2Silk Technologies, Ltd., Maple Grove, MN 55369, USA 

 

Abstract: 

This chapter highlights the various aspects of silk fibroin processing that are required in 

the production of silk-based biomaterials. Various processing modalities are discussed that can 

be used to create a range of structural forms that may be derived from the silk fibroin protein. 

Consideration is taken to illustrate the impact that various processing regimes have on protein 

structure and material function as it relates to final silk product formation.  In addition, recent 

applications in which silk biomaterials use in biomedical applications are reviewed, and further 

consideration is given to the effect of post-processing methodologies on material properties and 

function. 

 

1.1 Introduction: Silk as a biomaterial 

1.1.1 Biomaterial related properties of Silk Fibroin 

Silk fibroin (SF), derived from Bombyx mori silkworm cocoons, is a unique polymer-like protein 

of high molecular weight that possesses appreciable material properties, allowing for its 

widespread use in biomedical applications. SF has been utilized in biomaterials for tissue 

engineering and regenerative medicine due to its biocompatibility, material stability, mechanical 

robustness, controllable degradability and its ability to be processed into various material formats 
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expands the range of biomaterial applications attainable.1- 3 SF is highly biocompatible as well as 

less immunogenic and pro-inflammatory than collagens or polyesters such as poly(L-lactic acid) 

(PLA).4-6 While SF has successfully been used as sutures for decades, traditional silk sutures 

were shown to be problematic based on the lack of adequate purification and removal of 

contaminating sericin proteins and associated additives.4 However, more recent and relevant data 

on silks demonstrate increased biocompatibility of SF when the fibroin protein is properly 

purified and processed 1-10.  

SF is also unique in exhibiting remarkable strength and toughness, as well as compressive 

strength and modulus which exceeds other, commonly used, degradable polymeric biomaterials.3 

Silk fibers from Bombyx mori silkworm cocoons exhibit a tensile strength of about 740 MPa, 

while collagen has a tensile strength of 0.9–7.4 MPa and PLA 28–50 MPa, rendering SF as an 

excellent candidate material for biomedical applications.11 Such remarkable mechanical integrity 

can be attributed to the chemical and molecular structuring of the protein itself. The SF structure 

consists of a block copolymer arrangement that is rich in hydrophobic β-sheet forming regimes, 

which stabilize the structure through strong hydrogen bonding as well as hydrophobic 

interactions via inter and intra-chain interactions, attributing the material with robust mechanical 

properties12 In addition, thermal stability is also a hallmark of silk fibroin materials; silk 

materials are thermally stable to above 200oC and show limited degradation of material 

properties when subjected to autoclaving.4  

SF also exhibits controlled degradability, with the rate in vivo dependent on where the 

material is implanted, the present mechanical environment, and the content of β-sheet 

crystallinity within the bulk material, where an increase in overall hydrophobic β -sheet content 

prevents the penetration of water and proteases, resulting in a decreased degradation rate.11 
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Moreover, the content of β-sheet crystals and degree of organization of the non-crystalline 

domains within the silk-based biomaterial structures produced from regenerated SF can be 

modified through the use of various processing methods and post-processing treatments to 

prepare the material.4 The slow degrading nature, along with the biocompatibility, mechanical 

robustness and thermal stability of SF, provides unique options for the design and 

implementation of a variety of silk based biomaterials for a range of potential applications.  

 

1.1.2 Biomedical applications of silk fibroin materials 

Silk fibroin has become increasingly utilized over the years, as a biomaterial for medical use as 

well as cell and tissue studies, with applications in tissue engineering and implantable scaffolds, 

in vitro disease models, and drug delivery.13-20 Raw silk cocoons are treated and processed to 

remove the sericin protein that coats the silk fibers, and can then be dissolved in a variety of 

solvent systems to produce an aqueous SF solution.  The SF solution can be used to fabricate 

multiple material formats including gels, fibers, sponges, tubes, films, and microspheres.11  

Biocompatible silk hydrogels are fairly simple to produce and can be used as a bio-

adhesive as well as an encapsulation system.11 A variety of mechanisms can be deployed to 

produce hydrogels from aqueous SF solutions, including sonication, vortexing, electro gelation, 

and changing the pH level of the solution.11 Wang et al., explored the use of silk fibroin gels, 

produced through sonication, for encapsulation of human bone marrow derived mesenchymal 

stem cells (hMSCs). Assessment of mechanical properties and proteolytic degradation revealed 

the SF gel to match or exceed other gel material systems. The group was also able to successfully 

incorporate hMSCs within the hydrogel and report proper gel formation and sustained cellular 

function.15  
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SF fibers of small diameter can be produced through electrospinning, where a positive 

electric voltage is applied to a needle holding aqueous SF solution to initiate a jet and deposit 

uniform fibers of small diameter that can be loaded with molecules of interest, further aligned to 

produce different material shapes, and sterilized for applicable use.11 Li C et al., prepared 

electrospun silk fibers infused with bone morphogenetic protein 2 (BMP-2), and/or nanoparticles 

of hydroxyapatite (nHAP), and explored its use as a scaffold material for in vitro bone formation 

from hMSCs, while Zhang et al., evaluated the in vitro use of electrospun SF fiber scaffolds for 

vascular tissue growth.16,20 Electrospun silk fibers have also found wide range uses for cartilage, 

skin, and ligament tissue engineering applications as well.21-24  

Silk fibroin sponges provide versatile 3D porous scaffolds that can be deployed in 

various tissue engineering applications. Various methods can be used to produce aqueous as well 

as HFIP-based silk sponges, allowing the fabrication of adaptable silk matrices with high 

mechanical strength, controlled degradability, and the ability to harbor a range of bioactive 

molecules and reinforcing agents, thus allowing the material to adapt to specific applications.11 

Rockwood et al. used reinforced silk sponge matrices loaded with silk micro particles to produce 

protein-protein composite scaffolds with required mechanical properties for in vitro osteogenic 

tissue formation14 

Porous SF sponge matrices have also been utilized for in vitro tissue disease modeling via 

physiologically relevant 3D human tissue culture systems incorporating SF.17, 18 Silk based 

sponges offer major advantages over alternative hydrogel culture systems using other 

biomaterials, such as collagen or Matrigel, due to the superior mechanical properties, 

biocompatibility, and slow degrading nature of the SF protein, thus allowing for the 

establishment of stable, long-term 3D culture systems.17 Wang et al. constructed SF based porous 
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silk scaffolds supplemented with ECM molecules for heterogeneous cell culture of breast stromal 

cells, fibroblasts and adipocytes, and human breast epithelial cells, to closely mimic the breast 

architecture and unique microenvironment of the local tissue niche in vivo.17 Subramanian et al., 

found use of porous silk based scaffolds to construct sustainable in vitro 3D kidney tissue models 

for normal and diseased kidneys, and reported the physiologically relevant structural and bio-

functional features of the kidney-like tissue structures to successfully emulate the in vivo 

microenvironment and conditions.18  

Aqueous SF solution can also be used to fabricate silk tubes of varying dimensions. A 

dipping method may be utilized to create silk tubes of varying diameters and wall thicknesses, by 

dipping mandrels of defined dimensions in SF solution and allowing the deposited silk to dry, 

providing silk based material scaffolding of alternative architecture for tissue engineering 

applications.11 For example, Lovett et al., produced porous SF micro-tubes with inner diameters 

of less than 6mm, by dipping stainless steel wire into SF solution infused with poly(ethylene 

oxide) (PEO), and evaluated their use as a micro vessel surrogate for vascular tissue repair.13 

Alternatively, a gel spinning technique can also be used to construct silk tubes, in which a 

concentrated SF solution is extruded through a small diameter needle onto a spinning mandrel, 

inducing gelation of the SF into gel, during the deposition process.11  

Thin SF films of various geometries can be produced by depositing aqueous silk solution 

onto PDMS molds for easy casting and removal.11 Silk films pose as a valuable bioengineered 

material for a range of in vitro and in vivo applications.  The optical transparency of silk fibroin 

films has been demonstrated over the range of optical wavelengths when prepared by a novel 

water annealing process to control crystallization.25, 26 The permeability of silk fibroin films has 

also been studied, and good transport of oxygen and low molecular weight compounds through 
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the films has been demonstrated.27 To ensure adequate access by larger molecules, miscible and 

water-soluble polymers, such as poly-ethylene glycol, can be utilized to form porous networks 

through the silk films.42 Silk fibroin films have also been shown to support cell attachment and 

proliferation and can also be easily modified to achieve specific cell-binding or cell-activation 

characteristics. The use of unmodified silk fibroin, which does not contain cell-binding domains 

and is predominately hydrophobic, suffices for most cell based studies. However, studies have 

shown that silk film surfaces can be modified with nano-scale surface properties, which can 

support and direct cells and the orientation of their ECM as well as support cell adhesion. 

Chemical decoration with RGD, BMP2 and other cell modulating factors has been demonstrated 

using facile carbodiimide coupling.6, 28 providing options to functionally modify the protein for 

cell binding, attachment of antimicrobial peptides, or other functional features as needed for 

project specifications. Lawrence et al. examined the suitability of optically transparent surface 

patterned thin silk films to support human corneal fibroblast cell culture to explore the use of thin 

silk film substrates as conduits for potential bioengineered ocular surface reconstruction.29  

Other applications of SF biomaterials include the encapsulation and delivery of small 

molecules of interest and drugs via silk microspheres. Rockwood et al., describes two separate 

methods to produce silk microspheres. The first method encapsulates aqueous based silk solution 

within an unsaturated fatty acid lipid vesicle, which is subsequently removed using an organic 

solvent, leaving behind silk microspheres of approximately 2µm in diameter. The second 

described method involves mixing the aqueous silk solution with another polymer, polyvinyl 

alcohol (PVA), allowing the silk and the PVA to phase separate and subsequently removing the 

PVA, generating silk spheres ranging in size from 300 nm to 20µm.11, 30 Using the lipid vesicle 

system described above, Wang et al. studied the ability of silk microspheres to efficiently 
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encapsulate and controllably release small active protein molecules, namely Horseradish 

peroxidase (HRP). The efficient loading and controlled release, while maintaining the biological 

activity of HRP, suggests potential for the use of silk microspheres where controlled release from 

biocompatible, mechanically tough, and slowly biodegradable carriers is desirable.19  

 

1.2 Silk biomaterials fabrication 

1.2.1 Degumming process considerations 

SF proteins exhibit a set of desirable features for use in silk-based biomaterials. However, the 

immune responses induced by sericin, a glue-like protein that is produced in the silk glands of 

the silkworm and coats the silk fibers, have been a major concern for using the material in 

biomedical applications. Thus, a key step in preparing silk fibroin-based biomaterials is to 

extract the silk protein fibers from raw silk worm cocoons and remove the sericin through a 

degumming process.4 The purified silk fibers can be subsequently dissolved to produce an 

aqueous silk solution, which can be used to fabricate a range of material formats.11 

Consequently, the processing conditions used to prepare the SF material can influence the 

chemical and molecular structure of the SF protein itself, and thus significantly alter the 

material’s mechanical properties, biocompatibility, proteolytic degradability, and reproducibility, 

ultimately affecting its performance as a biomaterial.31-36 

Various silk fiber degumming methods, relying on denaturants, such as heat and change in 

pH, to remove the sericin protein coating from the fibers, have been studied. The choice of 

degumming reagent, temperature, and degumming time, are important parameters of the process 

to be considered, and their effects on the SF protein have been reported.31-36 A study by Jiang et 

al. compared the effect of different degumming methods, including distilled water, boric acid-
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sodium borate buffer, sodium carbonate, urea, and succinic acid, on the mechanical properties of 

the extracted silk fiber protein.33 Tensile tests on the degummed fibers showed decreased 

elasticity and a lowered yield point when compared to non-degummed fibers. It was also found 

that while the sodium carbonate method was comparatively effective as the other reagents, in 

removal of sericin, it resulted in the largest decrease in elasticity and yield point. Results from 

the study suggest that the exposure of SF protein to harsh denaturing conditions during the 

degumming process affects the intrinsic molecular structure of the protein through disruption of 

intermolecular hydrogen and/or van der Waals bonds. A study by Wang et al., reported that the 

thermal and mechanical properties of SF protein were least effected when using 8.0 M Urea as 

the degumming reagent. SF prepared with this degumming procedure showed the least amount of 

fracturing in the silk peptide chain, yielding the most intact silk protein similar to natural SF 

found in vivo in the silk glands of the silkworm.37   

Yamada et al. further elucidated the effect of degumming, using sodium carbonate, and found 

that the method also altered the molecular weight of the silk fibroin.35 Silkworm cocoons were 

degummed by boiling in aqueous sodium carbonate for a variety of times and subsequently 

chemically solubilized to generate an aqueous SF solution. Gel electrophoresis on the solubilized 

SF protein suggested a proportionate relationship between degumming time and degradation of 

the protein structure.35 Pritchard et al. also reported results indicating that an increase in 

degumming time corresponded with a decrease in protein molecular weight34 Silk fibers that 

were degummed with sodium carbonate for 10 min showed a molecular weight distribution 

predominantly in the 171 kDa to 460 kDa range, while silk that was degummed for 30 min 

showed a molecular weight distribution ranging from approximately 31 kDa to 268 kDa.  

Increasing the degumming time to 60 min produced silk with molecular weight distribution less 
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than 171 kDa, and was even less for 90 min which produced silk with a molecular weight 

distribution of 71 kDa or less, indicating that the silk fibroin protein was being degraded into 

lower molecular weight fragments during processing.34  

Changes in the protein molecular weight are indicative of changes within the chain length of 

the molecular structure, which can therefore affect the degradability of the polymer. Studies 

indicated a correlation between degumming time and proteolytic degradation of silk films 

prepared from SF that was degummed for a variety of time points in sodium carbonate.34 Using a 

protease solution, results indicated that an increase in degumming time corresponded in faster 

proteolytic degradation rate, due to a decrease in molecular weight of the silk fragments. Silk 

films that were prepared from SF degummed for 10 min, 30 min, and 60 min had 20%, 50%, and 

70% of their total initial mass still remaining after 5 days of incubation in protease solution, 

respectively. While silk films that were prepared from SF degummed for 90 min was almost 

entirely degraded.  

In addition to the impact on mechanical properties, molecular weight distribution, and 

degradability, degumming conditions can also affect the biocompatibility of the SF protein. In a 

study by Wray et al., the cell viability of human dermal microvascular endothelial cells grown on 

silk films, prepared from SF solutions of varying degumming times using sodium carbonate, was 

evaluated via MTT assay.31 Results showed a decrease in cell viability as the duration of 

degumming increased; SF that was degummed for 5 min, 30 min, and 60 min, respectively 

corresponded in cell viabilities of 50%, 35%, and 25% relative to the control. The disruption of 

the silk molecular structure during the degumming process may ultimately influence the way 

proteins adsorb to the surface of SF biomaterials, thus producing differences in cell adhesion and 

viability. The influence of degumming conditions on the inflammatory potential of the silk was 
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also evaluated in vitro through human macrophage activation. All of the samples showed similar 

macrophage activation, indicating that the duration of the degumming step did not influence the 

inflammatory response to the SF material.31 Wang et al., also reported differences in cyto-

compatibility of SF degummed using different degumming agents. 36 The study combined mild 

alkali treatment, using sodium carbonate, along with enzymatic digestion to efficiently remove 

the sericin without significantly degrading the SF protein structure. Results showed enhanced 

cell proliferation and up regulation of differentiation markers in tenocytes grown with the 

alkali/enzymatically degummed silk, compared to silk degummed with sodium carbonate alone 

which increased the degradation of the silk protein, suggesting that decreased biocompatibility of 

SF can be attributed to the fragmentation of its structure during the degumming process.  

 

1.2.2 Fiber dissolution considerations 

Degumming of SF fibers is generally followed by a dissolution step to produce an aqueous silk 

solution from which a range of biomaterial formats may be fabricated.11 Dissolution methods 

used for solubilizing the degummed SF fibers generally rely on strong chaotropic agents, 

including concentrated acids, inorganic salts, fluorinated organic solvents, and ionic liquids, to 

neutralize the hydrogen bonds stabilizing the silk crystal structure.35-39 Consequently, the 

conditions of the dissolution process can influence the chemical composition and the molecular 

structure of the silk protein, affecting its biomaterial properties.  

Similar with degumming, studies have reported that differences in the molecular weight 

of regenerated SF also correlates with the extent of protein degradation induced by various 

factors of the dissolving process, and thus contributing to changes in performance of SF based 

materials.35-39 Wang and coworkers studied the effects of fiber dissolution on the molecular chain 
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of SF when using different inorganic solvent systems including LiBr, and CaCl2-EthOH.38 

Results of the study reported that differences in molecular weight of the silk solution generated 

from the separate reagents were highly significant, suggesting that the protein underwent 

different degrees of degradation during dissolution. Specifically, they found that the SF produced 

using the CaCl2-EthOH method had a lower molecular weight than the SF produced using the 

LiBr method. Consistent results were found in a study by Yamada et al. which compared the use 

of CaCl2-EthOH and LiSCN as solvents.35 Analysis of the protein molecular weight distribution 

of SF generated from the two separate dissolution systems showed clear bands at 350 kDa and 25 

kDa, corresponding to the heavy and light SF chains, for the LiSCN method, while the CaCl2-

EthOH showed a smear at 200 kDa and a band at 25 kDa, suggesting that CaCl2-EthOH caused 

greater degradation of the fibroin heavy chain and resulted in a lower molecular weight 

distribution of the protein. Wang et al. also compared the use of organic solvents, formic acid 

(FA) and HFIP, and found that while the molecular weight of SF produced using HFIP was not 

statistically significant to the molecular weight of the protein produced using LiBr, the silk 

produced using FA showed a greater decrease in molecular weight, suggesting much greater 

influence on the molecular structure.38  

 

1.2.3 Effects of reagents on silk protein 

Clarifying the effect of dissolving procedures and material preparation on the degradation of the 

protein molecular chains is critical in establishing a well-defined relationship between SF 

dissolution and its influences on the behavior and performance of SF based biomaterials. As 

previously mentioned, the biomaterial properties, such as degradation rate, of the SF polymer 

material is heavily influenced by the molecular weight and structure of the silk protein itself. 
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Thus, the biodegradability of SF based materials can be regulated through changes in molecular 

weight resulting from different fiber dissolution conditions. You et al. studied the effects of 

different dissolution systems on the degradation rate of 3D silk scaffolds.39 SF fibers were 

dissolved using various ionic solvents, including LiBr, Ca(NO3)2, and CaCl2, to yield SF 

solutions of various molecular weight distributions. The solutions derived from the three separate 

ionic dissolution methods were used to construct 3D scaffolds and the in vitro degradation was 

evaluated using Collagenase IA. Analysis of the results showed that SF solutions derived from 

CaCl2 had the lowest molecular weight distribution while the LiBr method yielded the highest 

molecular weight solution, resulting in an increased degradation rate of CaCl2 derived scaffolds, 

compared to the other two solvents. Furthermore, the scaffolds were implanted within skin 

defects of Sprague-Dawley rats for 28 days to evaluate in vivo degradation. Results were 

consistent in showing that the CaCl2 derived scaffolds had the most rapid degradation rate in 

vivo. The performance of the scaffolds was evaluated based upon the overall degradation of the 

SF material and the formation of new tissue from the native surrounding dermis tissue. The 

degradation rate after 28 days of the CaCl2 derived scaffolds was 83.8%, which was significantly 

higher than the degradation of scaffolds derived from Ca(NO3)2 and LiBr, which was only 66.2% 

degraded after 28 days. Hematoxylin and eosin staining was used to evaluate the regeneration of 

new dermis tissue and showed an increase of tissue regeneration with CaCl2 derived scaffolds, 

suggesting that an increased tissue regeneration rate can be due to the faster degradation rate of 

the scaffold.  

A relationship between the storage time of regenerated SF solution and the extent of silk 

peptide fragmentation induced by degumming and dissolution, was described by Wang et al.38 

The storage time at 4oC and 25oC, was evaluated for SF solutions produced using either LiBr or 
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CaCl2-EthOH. It was found that the degree of degradation of the silk protein was positively 

correlated with the storage time of the solution, where the storage and stability of CaCl2-EthOH 

derived solutions was greater than LiBr derived solutions, corresponding with greater 

fragmentation of the SF molecular structure when using CaCl2-EthOH compared to LiBr. Thus, 

Wang and coworkers suggest that the increase in storage time can be attributed to the hydrolysis 

of the chemical backbone of the SF protein, and disruption of hydrophobic segments that form β-

sheets that stabilize the protein structure. Further work will certainly help to further understand 

how changes in molecular weight can alter the biomaterial properties of SF, allowing 

investigators to optimize the parameters of dissolution methods to produce SF based materials 

with properties that meet the needs of various application requirements.  

 

1.3 Effects of post-processing on silk-based biomaterial properties 

While the degumming and dissolution processing conditions are important control points for 

tuning the functional features of SF based materials, the degradability of SF is also directly 

dependent on the β-sheet content of produced silk biomaterials, which can be controlled using 

various post processing methods, resulting in materials with controlled crystallinity and 

degradation rate.27, 40 -45 SF has been reported to exist primarily in the form of two major 

polymorphs, silk I and silk II.4, 12 Silk I refers to the water soluble structural state of SF prior to 

its crystallization and is characteristic of SF that is present in the glands of the silkworm prior to 

spinning, as well as aqueous SF solutions dominated by a random-coil conformation, while Silk 

II is an insoluble crystal conformation dominated by an antiparallel β-sheet secondary structure.4, 

12 Several methods, including the exposure to physical shear or heat, immersion into organic 

solvents such as methanol or ethanol, or controlled water vapor annealing, have been used to 
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induce β-sheet crystallization and convert the SF structure into a more hydrophobic silk II 

conformation, with varying degrees of crystallinity achieved based on the processing method 

used.27, 40-45  

Water–annealing is a useful technique for producing water insoluble SF materials by 

increasing the presence of β-sheet secondary structure of the silk.27, 40-45 This method exploits the 

plasticizing effect of water to induce conformational transition from silk I structure to a 

predominant silk II conformation. Absorption of water molecules lowers the glass transition 

temperature (Tg) and induces molecular movement of the SF peptide chains permitting the 

formation of β-sheets. The Tg of dehydrated SF is 178oC, which decreases to below 40oC in 75% 

relative humidity. FTIR spectroscopy analysis of SF films treated using water annealing, showed 

approximately an 11% decrease in silk I turn structure corresponding in a 6% increase in β-sheet 

content and 5% increase in α helical structure, compared to non-treated films, and thus 

establishing a more thermodynamically stable structure.27, 40-45  

Structural changes and crystallinity of SF can also be induced using methanol immersion, 

which causes rapid dehydration and allows the conformation of the SF peptide to shift towards a 

silk II structure.27, 40 Methanol treated SF material show a substantial increase in β-sheet crystal 

formation, and almost a three-fold increase in β-sheet content when compared to samples that 

have been water annealed.40 The rate and degree of crystallinity induced by methanol immersion 

can be examined as a function treatment time and concentration of methanol used. SF 

membranes treated with different methanol concentrations for 2 min and 30 min, were analyzed 

for % crystallinity. The rate and extent of crystallinity of SF membranes immersed in methanol 

concentrations of 20%, 40%, and 60%, was not found to be affected by the immersion time. 
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However, longer immersion time resulted in increased crystallinity when samples were treated 

with methanol concentrations of 80% or higher.40  

Elevated temperature and pressure conditions during steam sterilization can also induce 

crystallization and increase of β-sheet content within the SF bulk material.42, 45 While the 

mechanism by which steam sterilization induces secondary structure formation is not fully 

known, FTIR analysis of SF films treated with steam sterilization at 121oC and 15 psi for 25 min, 

shows an increase in β-sheet content to more than 50% of the total silk material, along with a 

substantial 20% decrease in random coil silk I amorphous structure.42 Crystallization of the SF 

structure appears to be significantly higher than water annealed films, due to the pressurized 

humid conditions during steam sterilization. A decrease in the Tg of SF, due to the saturated 

vapor environment, combined with elevated temperatures and increased environmental pressure 

during the sterilization process, likely contributes to an increased rate of fibroin chain movement, 

transitioning the material structure from silk I towards a more energetically favorable silk II 

conformation with increased β-sheet content.43 While water annealed films show an increase in 

α-helical structure corresponding with increased crystallinity, steam sterilized films, however, 

exhibit an approximate 10% decrease in α-helix content, likely due to the formation of β-sheet 

structure being more energetically favorable in a system of increased energy input from elevated 

temperature and pressure.43  

Altering the crystallinity of the SF structure can significantly influence the material’s 

functional properties, such as mechanical strength, oxygen permeability, and water absorption, 

and thus the choice of post processing technique will dictate the material property outcomes.27 

Although SF films treated by methanol immersion showed a greater increase in β-sheet content, 

the overall secondary structure was less ordered when compared to water annealed films.27 Such 
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difference in molecular organization is likely due to an increased rate of secondary structure 

formation during methanol treatment, which may result in a more disorganized secondary 

structure. The less organized structure between crystalline and amorphous regions allows for 

increased movement of the silk peptide chains and as a result, methanol treatment enabled 

greater oxygen permeability and water absorption. Although methanol immersion produced SF 

with higher β-sheet content than water annealing, both treatment processes, however, produced 

silk films with similar mechanical strength. Uniaxial mechanical testing of hydrated SF films 

exhibited similar stress/strain curves for films derived from both processing methods.27,42 Steam 

sterilization, however, resulted in a slight decrease in silk film tensile strength, likely due to 

slight degradation of silk fibroin structure, shown by FTIR analysis, as a result of the high 

temperatures used during the sterilization process.42, 45  

 

1.4 Conclusions and future trends 

A summary flow chart of the various processing steps for silk biomaterial fabrication is 

illustrated in Figure 1.  Within each step are listed the specific processing modalities that are 

presented above.  It is clear that the versatility of SF as a biomaterial arises from the protein’s 

molecular attributes and although regenerated silk fibroin has been successfully used across a 

range of applications due to its advantageous material properties, it is important to continue 

understanding and characterizing the bio-functional properties of fibroin at the molecular level. 

Further studies that are focused on establishing links between silk fibroin processing induced 

molecular changes and changes in material properties such as mechanical strength, degradation 

rate, biological activity, and in vivo performance, will provide a more complete basis of 

understanding for utilizing silk as a biomedical material for many applications. Moreover, efforts 
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in tuning the molecular structure of SF, through material processing, chemical modification, and 

genetic engineering, will continue to provide important developments for the production of SF 

based scaffolds for tissue engineering applications. Promising work attempting to enhance the 

cyto-compatibility and cell adhesion of SF scaffolds, has genetically interfused a cell adhesive 

peptide (RGDS) into the molecular structure of the SF light chain, and successfully enhanced the 

adhesion of chondrocytes while promoting the synthesis of  cartilage tissue, using the genetically 

modified SF material scaffold.46 Further investigations into various techniques for modification 

of SF scaffold surfaces, such as topographical surface patterning, and covalent attachment of bio-

functional molecules, to alter cell and tissue morphology, cell adherence, differentiation, and 

soluble factor release, will also provide developments and findings feeding into smarter scaffold 

design and lay the foundations for future work utilizing SF as a biomaterial.42, 47   

 
Figure 1.  A flow chart detailing the key processing steps for preparing silk-based biomaterials in order of occurring 

manner.  Specific processes that may be utilized for each step are listed and are described in greater detail within the 

chapter. 
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Abstract 

The corneal surface is vulnerable to a myriad of traumatic insults including mechanical, chemical 

and thermal injuries. The resulting trauma may render the naturally occurring regenerative 

properties of the cornea incapable of restoring a healthy epithelial surface with a resultant loss of 

corneal transparency and vision. Corneal epithelial wound healing involves a set of complex 

biological processes that work to restore the epithelium after injury. Biomaterials derived from 

Bombyx mori silk fibroin have been deployed in therapeutic applications to promote wound 

healing and tissue regeneration. The following study evaluates the capability of silk fibroin, in 

solution form, to modulate corneal epithelial cell behavior during wound closure in vitro, and 

facilitate corneal epithelial wound healing in an animal model. Human corneal limbal epithelial 

cells were incubated in the presence or absence of different concentrations of silk fibroin 

solution, and wound closure was monitored during a scratch closure assay. Migration of 

epithelial cells was quantitatively analyzed to evaluate the ability of silk fibroin to stimulate cell 

migration. Silk fibroin’s effect on cell proliferation was evaluated using an MTT colorimetric 
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assay, as well as flow cytometric cell cycle analysis. A parallel plate flow chamber and 

immunofluorescence staining of focal adhesion protein, vinculin, was used to investigate the 

effects of silk fibroin on epithelial cell adhesion. Cell spreading was measured to evaluate 

changes in cytoskeletal alterations during silk fibroin stimulated migration and adhesion. The 

efficacy of silk fibroin in promoting corneal epithelial wound closure and restoration of epithelial 

tissue after injury was analyzed, in vivo, using a rabbit corneal abrasion model. Results show a 

~30% improvement in wound closure by 15 hours, and ~2 fold increase in healing rate by 10 

hours with 0.4% wt./vol. silk fibroin. This was due to a ~50% increase in epithelial cell 

migration and enhanced cell proliferation by over 60% due to silk fibroin treatment. Epithelial 

migration and wound closure was enhanced by ~30% in mitotically inhibited HCLE cells. Silk 

fibroin also enhanced cell-matrix adhesions by over 95%. Immunofluorescence staining revealed 

a silk fibroin invoked increase in cell spreading and focal adhesion formation and clustering. 

Moreover, silk fibroin accelerated the closure of epithelial wounds in a rabbit corneal abrasion 

model, as evaluated by fluorescein staining. Immunohistochemistry revealed silk fibroin 

enhanced restoration of epithelial tissue after injury. Findings indicate the benefit of silk fibroin 

protein on cell migration, proliferation, and adhesion, leading to enhanced re-epithelialization of 

corneal wounds.  

 

Introduction 

The cornea is the transparent window to the eye that serves as the primary refractive component 

through which light focuses on the retina.1-3 It is also the outermost tissue that covers the ocular 

surface and provides a physical barrier against the loss of fluids and intrusion of pathogens, 

while also serving to protect the interior parts of the eye from intraocular injury.1-3 The cornea is 
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an extremely vulnerable part of the eye due to it’s anterior position on the ocular surface, and 

despite protection from the eye lids, it may be subjected to a myriad of insults including 

mechanical, chemical, or thermal trauma. Additional damage to the cornea may also occur from 

the use of ocular medications, surgical procedures, or immune processes.3-8 Therefore, efficient 

and effective regeneration and remodeling of the corneal epithelium, through a complex and 

dynamic repair process, is essential for the proper restoration of the cornea’s highly regular and 

organized tissue architecture, as well as maintenance of its ocular integrity and transparency to 

ensure normal vision for the eye.3-8  

On the normal ocular surface, corneal epithelial defects are rapidly repaired by the 

migration of adherent basal epithelial cells to first cover the defect, followed by the proliferation 

and differentiation of epithelium to reconstitute a non-keratinized stratified architecture.3-6 A 

common endpoint of ocular surface damage, however, is the inability of the corneal epithelium 

to reconstitute a critical barrier function.7-9 Loss of corneal epithelial barrier function and the 

onset of corneal epitheliopathy may lead to the occurrence of keratitis from the entry of 

pathogens, corneal scarring secondary to persistence of epithelial defects, and ultimately, the loss 

of vision from a poorly refracting ocular surface.7-9  

Nearly 10 million people worldwide are afflicted with blindness secondary to corneal 

disease, and an even larger number suffer a decrease in visual acuity and ocular discomfort due 

to ocular surface pathologies.7,8 Current ocular surface reconstruction techniques involve the 

application of exogenous biomaterials to facilitate the healing and restoration of healthy corneal 

epithelium.  However, these approaches are only partially effective due to inherent material 

limitations, such as inconsistent bio-degradation rate and lack of appreciable mechanical 

integrity, which hinder their effectiveness in treatment of ocular surface defects.9-13 Thus, there is 
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an apparent need to develop and explore novel biomaterials and therapies to promote the 

acceleration of wound healing, reduce the complications of improper epithelial regeneration, and 

ultimately enable enhanced clinical approaches for ocular surface repair. 

Silk fibroin is a polymer like protein, derived from Bombyx mori silkworm cocoons, 

which consists of a light chain (MW ~25kDa) and a heavy chain (MW ~390kDa) covalently 

linked together by a disulfide bond.14-16 It has been explored as a promising biomaterial for use 

in tissue engineering and regenerative medicine applications in, what is termed, a regenerated 

liquid material form .14 This is due, in part, to its wide range of unique and desirable material 

features, including robust mechanical properties, biocompatibility, biodegradability, and its 

capacity to be processed into a variety of material formats.14-16 Moreover, silk fibroin has been 

shown to be highly biocompatible, non-inflammatory, and non-immunogenic when used in 

vivo.17,18 Additionally, many studies have also reported that silk fibroin supports cell growth, 

promotes tissue regeneration, and seems to actively stimulate the wound healing process when 

used therapeutically for tissue engineering applications.19-25 Collectively, these findings enhance 

silk fibroin’s potential for use in clinical applications, and make it a unique and novel choice of 

biomaterial for corneal wound healing and regenerative medicine purposes. 

Although regenerated silk fibroin has been successfully employed as a therapeutic agent 

to enhance wound healing in various areas of the body, relatively limited work has been 

performed with regards to the material’s use on the ocular surface.  To date, a number of in vitro 

studies have been conducted with corneal cell culture,26, 27, 43, 44 and some initial in vivo work has 

been undertaken to establish biocompatibility.45  However, no work to date has been published 

that illustrates the material’s potential in regenerating the ocular surface post traumatic injury. 

This study aims to evaluate and characterize silk fibroin’s influence on corneal epithelial cell 
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behaviors involved in the wound healing process, as well as its ability to enhance corneal 

epithelial tissue regeneration and wound healing response after injury. An in vitro wound scratch 

assay, where human corneal limbal-epithelial (HCLE) cells are grown to confluence and then 

partially denuded to model a corneal abrasion,7 was used to mimic the cell behavior of the 

human eye and evaluate silk fibroin’s role in stimulating epithelial cell migration and growth 

during wound closure. Silk fibroin’s effects on cell proliferation and viability were then 

evaluated using MTT colorimetric assay and flow cytometric cell cycle analysis. Additionally, 

the ability of silk fibroin to stimulate epithelial cell-substrate adhesion was assessed using a 

parallel plate flow chamber system and immunofluorescence staining. Finally, the capacity of 

silk fibroin to enhance corneal epithelial tissue repair was evaluated in an in vivo wound healing 

rabbit animal model. Results from this study will contribute to the knowledge of how silk fibroin 

regulates the biological processes involved in corneal epithelial tissue repair, promoting an 

enhanced wound healing response. Findings will also support ongoing efforts to better 

characterize the bio-functional properties of regenerated silk fibroin protein, and lay the 

foundations for future work utilizing silk fibroin as a biomaterial to improve clinical applications 

for ocular surface repair.  

 

Materials and Methods  

Human corneal epithelial cell culture 

Human corneal limbal epithelial cells (HCLE) were generously provided by Dr. IIene Gipson 

(Schepens Eye Research Institute, Harvard Medical School).  Cells were thawed from storage in 

liquid nitrogen and cultured for 72 hours in keratinocyte-SFM medium (K-SFM, Gibco, 

Invitrogen Corporation, Grand Island, NY, USA) supplemented with 0.2 ng/ml mouse epithelial 
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growth factor (EGF, Gibco, Invitrogen Corporation, Grand Island, NY, USA), bovine pituitary 

extract (BPE, Gibco, Invitrogen Corporation, Grand Island, NY, USA), 1% penicillin-

streptomycin (P/S, VWR, Radnor, PA, USA) and 0.1% CaCl2.2H2O (Gibco, Invitrogen 

Corporation, Grand Island, NY, USA). 

 

Scratch wound closure assay 

A scratch-wound assay with HCLE cells was used to determine if silk fibroin could promote 

wound closure in vitro. HCLE cells were seeded within 24 well plates, at 5x104 cells/cm2, and 

allowed to incubate for a 24 hour period in K-SFM media to form a confluent monolayer of cells. 

The K-SFM media was removed and the sheet of cells was wounded by scratching with a 100 µl 

pipette tip, creating a cell free denuded space. The scratch-wounded HCLE cells were washed 

with 1X PBS to remove any cell fragments or detached cells before incubating in fresh K-SFM 

media with different silk fibroin concentrations (0.2%, 0.4%, and 0.5% wt./vol.) or PBS vehicle 

control, for 20 hours. A 50 mg/mL aqueous silk fibroin solution derived from Bombyx mori 

silkworm cocoons was kindly provided by Silk Technologies, Inc. (Plymouth, MN), and utilized 

for all the described studies below. Cell migration was monitored using the microscope’s 24-well 

plate micro-incubator (PeCon, GmbH; M24 S1). A Zeiss Observer Z1 microscope (Carl Zeiss, 

AG) with 10x objective, 1.6x Opto Var., and phase contrast filter was used to sequentially 

analyze the wound closure during the course of the assay. The microscope’s Mark-and-Find 

feature was used to memorize select positions within each well to capture multiple areas along 

the denuded surface. Time-lapse phase contrast imaging was utilized to record a frame every 15-

minutes over the 20 hour incubation period with an AxioCam single-channel camera and 

AxioVision software (Carl Zeiss, AG).  
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Analysis of wound closure and cell migration rate 

To ensure that wounds with the same wound areas were compared, the area of the wound was 

traced and measured using ImageJ software, for the multiple positions within each well. Time-

lapse images for each position in the wells were analyzed and the wound areas were measured to 

determine the percentage of wound closure at several time points throughout the course of the 

assay. The time points at which the wounds fully healed were recorded. The wound closure by 

HCLE cells in response to silk fibroin at various concentrations was compared to that of medium 

that contained PBS vehicle control. Single cell migration and migratory paths of individual 

HCLE cells, along the opposing wound borders, was also analyzed, using the ‘Tracking’ package 

in AxioVision software for individual time-lapse movies. Randomly sampled cells, from each 

silk concentration as well as the control group, were tracked from representative locations along 

the borders of the denuded wound area. The software compiled measurements for total distance, 

straight distance, tortuosity, and migration rate.  

 

Epithelial cell viability assay 

HCLE cells were cultured in the presence of different silk fibroin concentrations (0.2%, 0.4%, 

and 0.5% wt./vol.) or PBS vehicle control, in a 96-well plate (VWR Radnor, PA, USA), at a cell 

seeding density of 3x103 cells/cm2. The cultures were then subjected to the MTT colorimetric 

assay at 12 hours post treatment, which was the duration when the greatest impact of wound 

healing was observed in vitro, following manufacturer instructions. Briefly, 50 µl of MTT stock 

solution (5 mg/mL, Gibco, Invitrogen Corporation, Grand Island, NY, USA) was added to the 

cultures containing 500 µl of fresh medium and incubated at 37 °C for 4 hours in the dark. After 

the medium was aspirated, 200 µl of Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, St. Louis, 
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MO, USA) was added and mixed thoroughly to release the formazan. The absorbance of the 

resultant solution was recorded at 540 nm using a Biomek plate reader (Beckman Coulter, Brea, 

CA, USA). Wells containing culture media, without cells, were set up as negative controls. 

 

Flow cytometric cell cycle analysis  

HCLE cells were cultured in the presence of 0.4% wt./vol. solution or PBS vehicle control, in a 

24-well plate (VWR Radnor, PA, USA), at a cell seeding density of 3x104 cells/cm2. The cells 

were then harvested at 12 hours post treatment, which was the duration when the greatest impact 

of wound healing was observed in vitro, and fixed in 70% ethanol for 1 hour on ice. Following 

fixation, samples were centrifuged and the fixative was removed before the cells were washed 3 

times in cold 1X PBS. The fixed cells were then pelleted by centrifugation and the supernatant 

was decanted. Cells were then suspended in 0.5 ml of FxCycle PI/RNase Staining Solution 

(Gibco, Invitrogen Corporation, Grand Island, NY, USA) and allowed to incubate for 20 minutes 

at room temperature, protected from light. Samples were then analyzed on a flow cytometer at 

the Weill Cornell Medical College core facility, using a 566-nm excitation filter and a 616-nm 

band pass filter to collect emission. Statistical analysis was performed using the cell cycle 

analysis module in FlowJo software (version 7.6.1).  

 

HCLE cell migration assay 

To distinguish between the stimulatory effects of silk fibroin on cell proliferation and cell 

migration, contributing to the observed acceleration in wound closure, mitotic inhibitor 

hydroxyurea was used to induce growth arrest in the cells. HCLE cells were seeded within 24 

well plates at 5x104 cells/cm2 and allowed to incubate for a 24 hour period in K-SFM media, to 
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form a confluent monolayer of cells. The cells were then incubated at 37 °C with 100 µM of 

hydroxyurea for 4 hours to arrest cell proliferation. Medium was then aspirated and the cells 

were rinsed with 1X PBS. A scratch assay was then performed as described previously to 

evaluate the effects of silk fibroin (0.4% wt./vol.) on accelerating wound healing through 

stimulation of cell migration  

 

Cell Substrate Adhesion Assay 

HCLE cells were seeded in 35 mm cell culture dishes, at 3x105 cells per dish. This cell seeding 

density was chosen to ensure proper surface coverage with minimal cell-cell contact formation. 

Cells were allowed to incubate overnight to ensure optimal cell attachment to the substrate. 

Media from the cell-seeded dishes was removed and fresh K-SFM with different silk fibroin 

concentrations (0.2%, 0.4%, and 0.5% wt./vol.) or PBS vehicle control was added, and the cells 

were allowed to incubate overnight.  Following incubation, cell substrate adhesion was evaluated 

using a parallel plate flow chamber cell (Glycotech, Gaithersburg, MD). The flow channel within 

the chamber had dimensions of 5 mm width (w), 0.1 mm height (h), and 48.2 mm length (l). 

Media was aspirated from the cell-seeded dishes and the flow chamber was placed on top of the 

cells.  PBS was warmed to 37 oC to yield an apparent fluid viscosity (µ) of ~ 0.8 cp.  A syringe 

pump was used to deliver the PBS at a volumetric flow rate (Q) of 52.2 ml/min to create a 

continuous one dimensional laminar fluid flow within the channel. The wall shear stress was 

determined as previously described.46 The delivered fluid shear stress is defined by the following 

equation:   

τw = 6 µQ/ b(h2) 
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The channel width (b) and channel height (h) are fixed variables dictated by the dimensions of 

the silicone gasket attached to the flow chamber deck, placed over the cells. PBS that is infused 

through the flow channel, to create laminar flow conditions, is kept at 37o C to yield a constant 

apparent fluid viscosity (µ) of ~ 0.8 cp, throughout the course of the assay. Thus, the delivered 

wall shear stress (τw) becomes solely a function of the volumetric flow rate (Q) of the PBS 

infused by the syringe pump. Cells were subjected to a wall shear stress of 98.4 Pa for 1 minute, 

and areas of analysis, with a cell count of 30-40 cells, were imaged during the course of the assay 

on a Zeiss Observer Z1 microscope (Carl Zeiss, AG) with 10x objective and phase contrast filter. 

Images of the cells were captured using an AxioCam single-channel camera and AxioVision 

software (Carl Zeiss, AG). The total number of adherent cells within the area of analysis was 

determined before and after the onset of flow. Cellular adhesion of cells treated with silk fibroin 

was evaluated and compared to cells treated with PBS buffer (treatment vehicle) as a control.  

 

HCLE immunofluorescent staining and imaging 

Cells cultured overnight in the presence of defined concentrations of silk fibroin (0.4%, 0.5%, 

and 1.0% wt./vol.) or PBS vehicle control, were fixed with 4% paraformaldehyde (PFA, Electron 

Microscopy Sciences, Hatfield, PA, USA) for 15 minutes, then rehydrated in PBS containing 

0.5% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA), and 0.05% nonionic 

surfactant (Triton-X-100; Sigma-Aldrich, St. Louis, MO, USA) for 1 hour.  After fixation, 50 µl 

of primary antibody solution (anti-vinculin, 1:400, Sigma-Aldrich, St. Louis, MO, USA) were 

added for 1 hour at room temperature. Samples were incubated with secondary antibody for 1 

hour using appropriate isotype matched non-specific IgG as controls.  Samples were also stained 

with Alexa Fluor® 568 phalloidin (Gibco, Invitrogen Corporation, Grand Island, NY, USA).  
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After washing with PBS, Samples were mounted with VECTASHIELD Mounting Medium with 

DAPI (Vector Laboratories, Burlingame, CA, USA).  Fluorescent staining was visualized using 

Observer Z1 fluorescent microscope (Carl Zeiss, AG) with both 10x and 40x objective lenses.  

An AxioCam HRm digital camera (Carl Zeiss, AG) and AxioVision 4.0 software were used to 

capture single and z-stack images (45-60 layer range) at 0.25 µm slices using DAPI, GFP, and 

Texas Red filter channels.  Deconvolution was performed on each z-stack using 3D Huygens 

Deconvolution Software (Scientific Volume Imaging BV, The Netherlands).  

 

Cell Spreading and cytoskeletal re-organization 

Cells cultured overnight in the presence of defined concentrations of silk fibroin (0.4%, 0.5%, 

and 1.0% wt./vol.) or PBS vehicle control, were fixed with 4% paraformaldehyde (PFA, Electron 

Microscopy Sciences, Hatfield, PA, USA) for 15 minutes, then rehydrated in PBS containing 

0.5% BSA (Sigma-Aldrich, St. Louis, MO, USA), and 0.05% Triton-X-100 (Sigma-Aldrich, St. 

Louis, MO, USA) for 1 hour. After fixation, samples were stained with Alexa Fluor® 568 

phalloidin (1:40, Gibco, Invitrogen Corporation, Grand Island, NY, USA) for 20 minutes. After 

washing with PBS, samples were mounted with VECTASHIELDTM Mounting Medium with 

DAPI (Vector Laboratories, Burlingame, CA, USA).  Fluorescent staining was visualized using 

Observer Z1 fluorescent microscope (Carl Zeiss, AG) with a 10x objective lens. An AxioCam 

HRm digital camera (Carl Zeiss, AG) and AxioVision 4.0 software were used to capture single 

and z-stack images (45-60 layer range) at 0.25 µm slices using DAPI and Texas Red filter 

channels. Deconvolution was performed on each z-stack using 3D Huygens Deconvolution 

Software (Scientific Volume Imaging BV, The Netherlands). The surface area of the cells, under 

both sparse and confluent conditions were measured using ImageJ software (ver. 1.48, NIH) to 
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determine whether alterations to the cell spreading area had occurred in response to stimulation 

by silk fibroin.  

 

Animal Model 

All Animals were handled according to the ARVO Statement for the Use of Animals in 

Ophthalmic and Visual Research, under protocols approved by the Institutional Animal Care and 

Use Committee at the Weill Cornell Medical College. Twelve, 8-10 weeks old, New Zealand 

white rabbits were used to evaluate the capability of silk fibroin to enhance wound healing in an 

in vivo corneal healing rabbit animal model. Rabbits were anesthetized with intramuscular 

injections of 35-50 mg/kg Ketamine, 5-7.5 mg/kg xylazine, and 0.75 mg/kg acepromazine. 

Topical proparacaine 0.5% eye drops were also used as supplemental anesthesia. A #15 Bard-

Parker blade was then used to remove 7 mm of the central corneal epithelium to create a void in 

the epithelial surface. Subsequently, the rabbits were divided into three treatment groups, where 

the wounded corneal surface was treated with either 200 µl of sterile phosphate buffered saline 

(PBS, pH 7.4, vehicle treatment), 0.5% wt./vol. or 2.0% wt./vol. silk fibroin protein solution in 

PBS. The treatments were administered topically to the wounded eyes, along with topical 

moxifloxacin antibiotic drops (Vigamox, Alcon, Inc.), immediately following surgery and 

subsequent administrations at 6 hour intervals until complete epithelial closure had occurred. 

Throughout the healing process, rabbits were closely monitored for evidence of distress or 

infection, and epithelial wound closure was examined every 6 hours by applying 50 μl of topical 

fluorescein solution (Sigma-Aldrich, St. Louis, MO, USA) to the injured cornea and imaging the 

wound using slit lamp photography under cobalt blue illumination. Following image acquisition, 

images were analyzed using ImageJ software (ver. 1.48, NIH). Wounds were traced and 
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measured at each time point and wound closure as a function of time was assessed for each 

treatment group in triplicate.  

 

Tissue retrieval and Immunohistochemistry 

Animals from each treatment group were sacrificed immediately after wound healing was 

completed, using an overdose of pentobarbital (150 mg/kg) administered into the ear vein, and a 

subset of the corneas from each treatment group were enucleated, excised and fixed immediately 

in 2% paraformaldehyde for 40 minutes (PFA, Electron Microscopy Sciences, Hatfield, PA, 

USA). Corneas from the contralateral eyes, which did not undergo surgical denudement, were 

also harvested, and fixed, to serve as negative controls for the wound healing process. The fixed 

corneas were subsequently washed in PBS, three times, for 5 minutes each, and then placed in 

30% sucrose overnight at 4 °C before embedding in Tissue-TEK O.C.T (Sakura Finetek USA 

Inc., Torrance, CA, USA) and frozen at -80 °C for cryo-sectioning. Ten-micron thick cross-

sections, through the center of the cornea, were obtained and mounted on Superfrost-plus glass 

slides (Fisher Scientific, Pittsburgh, PA, USA) for immunohistochemical staining and analysis. 

Samples were washed 3 times in PBS and then incubated in blocking buffer containing 1% BSA 

(Sigma-Aldrich, St. Louis, MO, USA), 0.25% Triton-X-100 (Sigma-Aldrich, St. Louis, MO, 

USA), and 2.5% goat serum in 1X PBS, for 1 hour at room temperature. After blocking, samples 

were incubated with primary antibody solutions (1:100) for either Ki-67 (M724001-2, Dako, 

Denmark), FAK (FM1211, ECM-Biosciences, Versailles, KY, USA), or ZO-1 (R.40.76, 

Chemicon, USA) overnight at 4 °C. Subsequently, the samples were rinsed thoroughly with PBS 

and then incubated with Alexa Fluor 488 Green goat anti-mouse secondary antibody (ab150113, 

Abcam, Cambridge, MA) at a 1:500 dilution for 1 hour at room temperature, protected from 
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light. Samples were also stained with Alexa Fluor® 568 phalloidin (Gibco, Invitrogen 

Corporation, Grand Island, NY, USA), at a 1:20 dilution, for 20 minutes at room temperature, 

protected from light.  After washing with PBS, Samples were mounted with VECTASHIELDTM 

Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA) and covered with a 

glass coverslip. Fluorescent staining was visualized using Observer Z1 fluorescent microscope 

(Carl Zeiss, AG). An AxioCam HRm digital camera (Carl Zeiss, AG) and AxioVision 4.0 

software were used to capture single and z-stack images (45-60 layer range) at 0.25 um slices 

using GFP, DAPI and Texas Red filter channels.  Deconvolution was performed on each z-stack 

using 3D Huygens Deconvolution Software (Scientific Volume Imaging BV, The Netherlands). 

 

Statistical analysis 

A two-way ANOVA test was performed to reveal whether any of the experimental groups were 

affected by silk fibroin and to identify statistically significant changes in cellular responses 

between silk fibroin treated groups and control groups. P values were calculated using Prism 

Software.  

 

Results 

Silk fibroin stimulates epithelial cell migration, wound closure, and proliferation. 

The ability of silk fibroin to enhance epithelial behavior involved in wound healing was first 

evaluated using an in vitro epithelial abrasion model to assess cell migration. Human corneal 

limbal-epithelial cells were chosen as a reliable cell model for in vitro studies, based on the cell 

line’s highly characterized history and reliability when working with new biomaterials such as 

silk fibroin.27, 47 Cell behavior of the human eye surface was first mimicked in vitro using HCLE 
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cells that were grown to confluence and then partially denuded to model a corneal abrasion. The 

cells were subsequently treated in the presence or absence of silk fibroin protein solution to view 

and quantify the impact of the protein on the scratch-wound healing rate of the denuded area of 

the cell culture. Epithelial growth and migration rates were subsequently calculated by 

measuring cell coverage into the denuded space at defined time points (Figure 1A).  These 

studies demonstrated a dose-dependent improvement in wound healing by corneal epithelial 

cells, which exhibited a ~30% improvement in wound closure, relative to control cells, by 15 

hours (Figure 1B).  The increase in epithelial cell growth and migration with fibroin treatment 

translated into a significant reduction in scratch closure time relative to control cells. The cells 

treated with the 0.4% silk concentration exhibited ~2 fold increase in healing rate by 10 hours 

and entirely occupied the wound area faster than control cells (Figure 1C), clearly indicating a 

beneficial impact fibroin has on wound healing in vitro.  

 

Figure 1.  Soluble silk fibroin enhances scratch wound closure in vitro. A) Representative images from wound 

healing assay demonstrate that cell proliferation and migration into the cell-free region (outlined) is significantly 
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accelerated with 0.4% wt./vol. silk fibroin compared to control (treatment vehicle) (scale bar 200 µm). B) Summary 

bar graph illustrating percent wound closure at indicated time points during the scratch wound assay (* p < 0.01 vs. 

Control; # p < 0.001 vs. 0.2% Silk; † p < 0.001 vs. 0.4% Silk; n = 3). C) Summary graph showing typical wound 

healing (migration) rates by epithelial cells in the presence of varying concentrations of silk fibroin (* p < 0.05 vs. 

Control; ** p < 0.01 vs. Control; *** p < 0.001 vs. Control, N = 3, n = 3). 

 

Figure 2.  Soluble silk fibroin enhances migration of HCLE cells during wound closure in vitro. (A-D) Migratory 

paths of individual HCLE cells along the edge of the wound, during wound closure for (A) control, (B) 0.2%, (C) 

0.4%, and (D) 0.5% silk wt./vol. Colored tracks indicate time 0 (blue) to 15-hour time points (red) throughout the 

course of the assay (scale bar 200µm).  (E) Summary graph showing the mean singular cell migratory rate of wound 

border cells during scratch closure (* p < 0.05 vs. Control; # p < 0.05 vs. 0.2% Silk; † p < 0.05 vs. 0.4% Silk; N = 3, 

n = 20). 

 

Interestingly, however, when the concentration of silk fibroin was increased to 0.5% 

wt./vol., rate of wound closure was ~50% slower relative to cells treated with 0.4% wt./vol. silk 

fibroin, and ~20% slower than control cells, by 10 hours. Cell tracking software also allowed 

assessment of the stimulatory effects of silk fibroin on the motility of the border cells, which 

spread and crawl collectively while maintaining cell-cell contacts during invasion of the denuded 
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“wound” area, throughout the scratch assay. Each colored trace represents an individual cell’s 

migration path throughout closure of the wound (Figure 2A).  Cells treated with the 0.4% silk 

fibroin concentration exhibited a ~50% increase in migration rate, relative to control cells, during 

wound closure (Figure 2B). Similar to the observed decrease in scratch closure rate, cells treated 

with 0.5% wt./vol. silk fibroin exhibited a ~50% and ~30% decrease in migration rate, relative to 

cells treated with 0.4% wt./vol. and 0.2% wt./vol. silk fibroin, respectively.  

To further investigate the impact silk fibroin has on inducing cell migration during 

wound healing the ability of cells to invade an acellular area, after growth arrest, was assessed. 

HCLE cells were first cultured to form a confluent cell sheet, before being treated with the 

mitotic inhibitor hydroxyurea before the scratch wound was created either in the presence or 

absence of 0.4% wt./vol. silk fibroin solution. This concentration of silk was chosen because the 

previous experiments demonstrated an optimal enhancement in cell migration and wound 

closure. Results indicated that wound closure was enhanced by ~30% after 10 hours and ~20% 

after 15 hours in silk treated cultures, relative to vehicle controls (Figure 3A). Overall wound 

healing rate was accelerated in cells treated with silk fibroin, with an observed significant 

increase of ~30% after 7.5 hours (Figure 3C). Collectively, these results show that silk fibroin 

induced increased epithelial cell migration in scratch wound closure assays.  
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Figure 3.  Soluble silk fibroin enhances wound closure of mitotically inhibited cells in vitro. (A) Representative 

images from wound healing assay of HCLE cell cultures treated with a mitotic inhibitor hydroxyurea, demonstrates 

that cell invasion into the cell-free region (outlined) is accelerated with 0.4% wt./vol. silk fibroin compared to 

control (treatment vehicle, scale bar 200µm).  (B) Summary bar graph illustrating percent wound closure at 

indicated time points during the scratch wound assay (* p < 0.05 vs. Control; *** p < 0.001 vs. Control). C) 

Summary graph showing typical wound healing rates by HCLEs in the presence of 0.4% wt./vol. silk fibroin or 

treatment vehicle control (** p < 0.01 vs. Control, n=3). 

 

Studies were performed to evaluate whether silk fibroin’s pro-healing effects might be 

partially explained by accelerated epithelial cell proliferation. HCLE cells were cultured in like 

numbers in the absence or presence of increasing concentrations of silk fibroin for 12 hours, 

which was the duration when the greatest impact of wound healing was observed in vitro.  The 

cultures were then subjected to an MTT colorimetric metabolic assay to measure the change in 

cell number (Figure 4). Relative to non-treated cells (control), silk fibroin enhanced cell growth 
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by over 50% for all fibroin concentrations. These results indicate that fibroin stimulates cell 

proliferation, which may contribute to the elevated wound healing.  

Flow cytometric analysis was subsequently performed to evaluate the distribution of cell 

populations in various phases of the cell cycle to further elucidate silk fibroin’s effects on cell 

proliferation. HCLE cells were first cultured in like numbers in the presence or absence of 0.4% 

wt./vol. silk fibroin solution for 12 hours. This concentration of silk fibroin was chosen because 

it demonstrated the greatest increase in epithelial cell growth, measured by MTT colorimetric 

assay. Cells were harvested and fixed before staining with propidium iodide for DNA content 

cell cycle analysis using flow cytometry (Figure 4). Relative to non-treated cells (control), 

treatment with 0.4% wt./vol. silk fibroin solution increased the distribution of cells in the S phase 

of the cell cycle by ~50%. These results further indicate that treatment with silk fibroin 

stimulates an increase in cell proliferation, as demonstrated by an increase in the cell population 

within the S phase of the cell cycle, during which DNA is actively being replicated.56   
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Figure 4.  Silk fibroin enhances corneal epithelial cell growth and viability in vitro. (A) Summary graph of MTT 

viability assay performed on cells cultured in the presence of increasing concentrations of silk fibroin for 12 hours or 

treatment vehicle (Control). All concentrations of fibroin significantly increased proliferation, relative to control 

cells. (***P<0.001 vs. Control, n=3). (B) Cell cycle distribution histograms of cells cultured in the presence of 0.4% 

wt./vol. silk fibroin, compared to control (treatment vehicle), and stained with propidium iodide showing DNA 

content distribution. The G1 and G2 phase histogram peaks are separated by the S phase distribution. Treatment 

with silk fibroin resulted in an increase in the amount of cells in the S phase distribution of the cell cycle, relative to 

control cells.  

 

Silk fibroin promotes epithelial cell-substrate adhesion through formation and organization of 

focal adhesion complexes. 

Proper cell adhesion to the underlying basement membrane during the wound healing process is 

critical for the restoration of proper tissue architecture and epithelial integrity.37, 38 Therefore, we 

assessed the influence of silk fibroin on the strength of epithelial cell adhesion to the underlying 

substrate, by using a laminar fluid flow chamber to evaluate the resistance of fibroin-treated cells 

to detachment when challenged by fluid shear. To this end, human corneal epithelial cells were 

cultured on 2D surfaces and then placed in a flow chamber which allowed for generation of 
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continuous, one-dimensional laminar fluid flow (i.e., shear) for 1 minute. Using an integrated 

flow circuit, continuous microscopic imaging was performed to sequentially image the cells 

throughout the course of the assay to identify and quantify the cell detachment in response to 

fluid shear (Figure 5A). Non-fibroin treated (control) cell retention was approximately 75% 

under these conditions (Figure 5B). However, treatment with 0.2% silk significantly increased 

cell retention to over 90%, indicating enhanced cell-matrix adhesion due to fibroin addition. 

Furthermore, improvements to cell attachment were directly and linearly related to fibroin 

concentration. Cells treated with 0.5% silk exhibited over 95% retention upon being subjected to 

high shear. 

 

 

Figure 5. (A) Schematic of integrated flow circuit, image capture and analysis system. Fluid is infused by the 

syringe pump into the parallel plate flow chamber to yield a uniform level of shear force upon the substratum within 

the flow channel. Microscopic images of cells are sequentially captured throughout the course of the assay and 

subsequently analyzed to quantify cell detachment. (B) Summary graph demonstrating a significant increase in 

HCLE cell attachment to standard plastic tissue culture dishes during high fluid shear (~98.4Pa), following pre-

incubation with aqueous silk fibroin dose dependently (*** p < 0.001 vs. Control; † p < 0.01 vs. 0.1% silk; # p < 

0.05 vs. 0.2% silk, N = 3, n = 100).   

 

To assess whether the observed increase in cell adhesion is due to an increase in focal 

adhesion formation, which are the tethering points between the cell and the ECM, or a re-
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organization of already existing adhesion subunits, immunofluorescence-based microscopy was 

performed on HCLEs cultured in the absence or presence of silk fibroin to assess the impact on 

focal adhesion formation by way of vinculin staining. Under conditions of normal cell culture 

(untreated) HCLEs displayed a dispersed arrangement of vinculin throughout the cell periphery 

(Figure 6A), which became more numerous at the plasma membrane surface with 0.4% and 

0.5% wt./vol. silk fibroin (Figure 6B-C), which was the concentration shown to enhance cell 

adhesion the most during the previous experiments. Additionally, increased focal adhesion 

aggregates formed with increasing fibroin concentration to 1.0% wt./vol. (Figure 6D). Therefore, 

more focal adhesions had formed, but more clustering of these adhesions had taken place as well.  

Facilitating the re-alignment of the epithelial cell cytoskeleton is another mechanism by 

which silk fibroin may be influencing cell mobility and adhesion during wound healing. 37, 38, 40 

In vitro measurements of this process can be assessed by observing cell spreading, whereby the 

surface area of cells plated on a 2-dimensional (2D) surface is measured prior to and then after 

stimulation to determine whether alterations to the cytoplasm had occurred.48-50 This assay was 

performed on HCLE cells plated on 2D surfaces under sparse cell densities to mimic an 

environment adjacent to a wound, or during confluence as an intact monolayer would exist on 

the healthy ocular surface, in the absence or presence of defined concentrations of silk fibroin.  

Not surprisingly, cells cultured at low densities, and with room for spreading, possessed a larger 

average surface area as compared to cells in a compact monolayer (Figure 6E).  However, 

incubation of silk fibroin with both low- and high-cell densities evoked a robust increase in cell 

surface area, providing evidence that cytoskeletal rearrangement had occurred. Interestingly, the 

observed cell response was not dose dependent, as increasing the concentration of silk fibroin did 

not result in any significant increases in cell spreading.    
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Figure 6.  (A-D) Silk fibroin enhances cell adhesion by promoting focal adhesion clustering. Representative images 

of HCLE cells cultured in (A) control conditions and in the presence of (B) 0.4%, (C) 0.5% or (D) 1% wt./vol. silk 

fibroin for 16 hours exhibited increased vinculin (green) staining along the cell membrane, indicating points of cell 

attachment (nucleus = blue). Cells also exhibited larger vinculin clusters with increased fibroin concentration, 

relative to control cells. (E) HCLE spreading is enhanced in the presence of silk fibroin.  Summary graphs represent 

mean surface area of HCLE cells cultured sparsely (individual) or to confluence (monolayer) as would occur on the 

intact ocular surface, in the presence of different concentrations of silk fibroin, or treatment vehicle (*** p < 0.001 

vs. respective control).  

 

Silk fibroin enhances the corneal epithelial wound healing response in a rabbit animal model. 

The capability of silk fibroin to enhance wound healing was evaluated in vivo on a rabbit corneal 

wound-healing model, whereby the corneal epithelium was denuded from the ocular surface.  

The corneal surface was then subsequently treated with drops of saline or fibroin protein solution 

(0.5% or 2.0% wt./vol.) at 6 hour intervals during the wound healing process until epithelial 

closure had occurred.  Closure was indicated clinically via corneal surface staining with 

fluorescein (Figure 7A).  Animals treated with 0.5% wt./vol. silk fibroin exhibited an increased 
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healing response during the initial phase of wound healing (0-6 hours) when compared to saline 

treated controls (Figure 7B).  Increases in healing exhibited dose dependency with a greater 

increase in wound-healing response with 2% wt./vol. silk fibroin concentration.  When 

normalized to saline-treated control rabbits, silk fibroin enhanced the incipient wound healing 

phase up to three-fold (Figure 7C). 

To directly evaluate the proliferative capacity of silk fibroin on the healing cornea, 

immunohistochemistry was performed on rabbit corneas, which had formerly been subjected to 

surface cell denudement and treated with saline or silk fibroin during the wound-healing phase.  

To identify cell proliferation, antibodies generated against the proliferative marker Ki-67, which 

localizes to the cell nucleus during mitotic division, were incubated with fixed corneal sections 

and then imaged using fluorescence microscopy. As expected, the non-wounded corneal 

epithelium (native) exhibited minimal cell proliferation, evidenced by sparse and infrequent Ki-

67-positive staining (green) along the corneal surface (Figure 8A, left column).  Similarly, 

surgical denudement induced considerable proliferation during the wound-healing phase with 

only saline treatment (vehicle control), which was more prevalent when compared to untreated 

native control animals. However, treatment with both 0.5% wt./vol. and 2.0% wt./vol. silk 

fibroin concentration induced robust proliferation along the entire corneal surface, corroborating 

the metabolic results observed in vitro (Figure 8B). Together both the in vitro and in vivo results 

support the hypothesis that accelerated wound healing induced by silk fibroin is in part due to 

accelerated cell proliferation. Importantly, treatment with either concentration of fibroin did not 

appear to alter the integrity of the ocular surface, since a stratified corneal epithelium was 

apparent with both treatments, and did not appear different from native animals.  
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Figure 7.  Silk fibroin accelerates the acute wound-healing phase in the rabbit cornea. A) Fluorescein staining 

images of rabbit corneal healing progression for treated and untreated rabbits over a 48-hour period. B) Summary of  

in vivo profile of corneal wound closure from rabbits challenged with epithelial cell denudement and then treated 

with PBS saline buffer (control) or different concentrations of silk fibroin solution (0.5% or 2.0% wt./vol.) at 6-hour 

intervals until complete healing was achieved.  2.0% wt./vol. silk fibroin induced a significant increase in wound 

closure at 6 hours vs. control. (*P<0.05 vs. Control, n=3) C) Summary of normalized healing rates between 6-24 

hours post-denudement demonstrate a significant increase in healing rate with both silk fibroin concentrations at 6 

hours. (*P<0.05 vs. Control, n=3). 

 

Post-injury, an important contributing factor to the proper rebuilding of a healthy corneal 

epithelium is the re-formation of epithelial tight junctions, which is essential to the restoration of 

the cornea’s protective junctional barrier.3-5, 31, 32 Therefore, to evaluate the ability of silk fibroin 

to stimulate the recovery of junctional cell-cell adhesions in the healing cornea, fluorescent 

immunohistochemistry was performed to measure the expression of cell-cell tight junction 

protein, ZO-1, in rabbit corneas that have been subjected to a corneal debridement and treated 
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with either saline (vehicle control) or silk fibroin solution during the wound healing phase.  As 

expected, the non-wounded corneal epithelium (native) exhibited ZO-1 staining, outlining the 

lateral borders of the squamous epithelial cells comprising the most-superficial layer of the 

corneal epithelium, as well as throughout the underlying epithelial cell layers (Figure 8A, middle 

column). Similarly, rabbit corneas that were subjected to surgical denudement, and subsequently 

treated with saline during the wound-healing phase, showed ZO-1 expression at the cell-cell 

junctions of the superficial corneal epithelial cells that were newly formed over the wound bed. 

Rabbit corneas treated with both 0.5% wt./vol. and 2.0% wt./vol. silk fibroin exhibited positive 

ZO-1 staining throughout the newly formed superficial epithelial layer.  Interestingly, ZO-1 

expression was more intense for silk treated corneas when compared to saline treated corneas; 

corneas treated with 0.5% wt./vol. and 2.0% wt./vol. silk fibroin, exhibited a 62% and 71% 

increase in staining intensity, respectively, relative to the saline treated corneas (Figure 8C). This 

evidence supports the notion that silk fibroin may help to enhance wound healing by improving 

the restoration of ocular surface integrity through contributing towards increased tight junction 

formation.  

During the wound healing process, interactions between the corneal epithelial cells and 

the underlying matrix play a crucial role in regulating the dynamics of the corneal epithelial cell 

sheets actively migrating to cover the wound.5, 34, 37-39 Thus, to evaluate silk fibroin’s effects on 

cell adhesion to the underlying matrix in the healing cornea, fluorescent immunohistochemical 

analysis of focal adhesion complex protein, focal adhesion kinase (FAK), was performed. The 

non-wounded (native) corneal epithelium, displayed robust FAK staining along the entire corneal 

surface (Figure 8A, right column). This indicated that strong cell-matrix interactions were 

forming throughout the epithelial architecture, as expected in native corneal epithelial tissue. 
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Corneas that underwent epithelial debridement and subsequent treatment with saline exhibited 

well distributed FAK expression throughout the newly formed corneal epithelial layer. 

Interestingly, however, treatment with both 0.5% wt./vol. and 2.0% wt./vol. silk fibroin 

concentrations induced an increase in FAK expression as evidenced by a 51% and 77% increase 

in staining intensity, respectively, relative to the saline treated corneas (Figure 8D). This 

implicates a silk fibroin mediated increase in the cell adhesive interactions with the surrounding 

and underlying matrix, and corroborates with the enhanced in vitro vinculin staining 

demonstrated before.  The in vitro and in vivo results combined together implicate silk fibroin 

protein’s contributing role in enhancing corneal tissue remodeling and overall enhanced 

epithelial wound healing.  
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Figure 8. In vivo rabbit corneal protein expression post-debridement experiment. (A) Representative fluorescent 

immunohistochemical staining of Ki-67 (proliferation marker), ZO-1 (tight junction marker), and FAK (focal 

adhesion marker). (Left column) Staining of the corneal cross-sections with Ki-67 (green) demonstrated increased 

proliferation in epithelial cells after denudement vs. native control (no debridement), which was further increased 

with silk treatment. (Middle column) ZO-1 staining (green) demonstrated increased cell-cell tight junction formation 

during wound repair with silk fibroin treatment, compared to corneas treated with PBS buffer saline. (Right column) 

FAK staining (green) expression in corneal epithelium treated with silk fibroin, relative to corneas treated with PBS 

saline buffer. (B) Summary graph of measured staining intensity of Ki-67 proliferative marker in corneas treated 
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with PBS saline buffer (control) or silk fibroin (* p < 0.01 vs. Control, n = 10). (C) Summary graph of measured 

staining intensity of ZO-1 in corneas treated with PBS saline buffer (control) or silk fibroin (*** p < 0.001 vs. 

Control; # p < 0.01 vs. 0.5% Silk, n = 10). (D) Summary graph of measured staining intensity of FAK in corneas 

treated with PBS saline buffer (control) or silk fibroin (** p < 0.01 vs. Control; *** p < 0.001 vs. Control; # p < 

0.001 vs. 0.5% Silk, n = 10). 

 

Discussion 

This study demonstrates the physiological function of silk fibroin protein in mediating the 

biological processes involved in corneal wound repair. Re-epithelialization of the corneal 

epithelium, following injury, involves a set of complex cell behaviors and an organized cascade 

of mechanisms and events that begin with the polarization and migration of intact epithelial cell 

sheets to cover the denuded wound area.3-8 This is followed by the adhesion, proliferation, and 

differentiation of the epithelial cells to repopulate the wounded area and restore functional tissue 

integrity to the corneal surface.3-6, 29-35 In this study, silk fibroin protein modulated corneal 

epithelial cell migration, adhesion, and proliferation in both in vitro and in vivo models. These 

studies demonstrate that an enhanced corneal epithelial wound healing response occurs with the 

addition of silk fibroin during experimentation. The results provide initial evidence of silk 

fibroin’s utility in aiding in ocular surface repair. Although, further work is required to elucidate 

the biological mechanisms involved in this process and what the direct role of silk fibroin protein 

is in these processes. 

 Many studies have previously reported silk fibroin’s stimulating effects on wound 

healing and have successfully demonstrated the therapeutic use of silk fibroin based materials to 

promote tissue regeneration, via stimulation of cell migration and fibroblast growth.17-25 It is well 

known that the migration of properly adherent epithelial cells is an important component of the 
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re-epithelialization process. Cells adjacent to the wound margins collectively participate in 

forming a leading edge that directs the migration of epithelial cell sheets, from opposite 

directions, to invade and cover the wound bed until closure of the wound is completed.3-6, 29-35 

Repopulation of the wound area is then facilitated by the growth and proliferation of cells distal 

to the original wound edge.3-6, 29-35   In this study, silk fibroin protein added as a supplement to 

cell culture, induced cell migration and proliferation, contributing to an accelerated rate of 

epithelial wound closure. HCLE cells treated with silk fibroin, in a wound healing scratch assay, 

showed a dose dependent increase in rate of wound closure, with 0.4% wt./vol. silk concentration 

showing the most accelerated wound closure rate. Additionally, single cell tracking of the wound 

border cells along the edges of the migrating epithelial sheets demonstrated a significant increase 

in migration rate when treated with silk fibroin during wound closure.  

In addition to epithelial cell migration, cell proliferation also plays a crucial role in 

corneal tissue regeneration. Cells treated with silk showed an increase in cell number relative to 

controls, and suggests that silk fibroin stimulates an increase in cell growth and proliferation. 

Cell cycle analysis using flow cytometry also revealed a silk fibroin mediated effect on the 

distribution of cells amongst the various phases of the cell cycle. Relative to control cells, silk 

fibroin treated cells displayed an increase in the number of cells within the S phase of the cell 

cycle, indicating that more cells were actively replicating DNA.56  However, while these 

interesting results provide implications that cell proliferation and cell migration may both 

contribute to the observed accelerated healing response, the ability of silk fibroin to stimulate 

wound closure in mitotically inhibited cells was assessed to distinguish between the effects of the 

two separate biological processes on the observed healing response. Confluent HCLE cells were 

treated with a mitotic inhibitor, hydroxyurea, to induce growth arrest, and thereby isolating the 

57 
 



wound closure response from any effects of cell proliferation. The invasion of cells into the 

denuded scratch area was slower when compared to the previous experiments with un-inhibited 

cells; however, the scratch closure rate was still significantly increased with silk fibroin 

treatment. These findings provide further evidence to silk fibroin’s stimulatory effects on cell 

motility, and suggest that silk may be directly enhancing wound closure by stimulating epithelial 

cell migration.36  

Formation and the regulation of cellular adhesions can affect various aspects of cellular 

function, including migration, proliferation, differentiation, and survival.37, 38 Moreover, proper 

cellular adhesions to the underlying matrix are crucial for development and wound repair.3, 5, 33-39 

To address concerns that accelerated cell proliferation and altered cytoskeletal rearrangement 

during migration might affect the strength of epithelial cell adhesions to the underlying matrix, a 

parallel plate flow chamber was used to assess the resistance of silk fibroin-treated cells to 

detach from their culture substrate when challenged by fluid shear. Silk fibroin treatment resulted 

in a significant improvement of cell retention, relative to control cells, indicating a silk fibroin 

stimulated increase in cell-substrate adhesions. Furthermore, improvements to cell attachment 

were linearly dose dependent to the concentration of silk fibroin applied to culture, where cells 

treated with the highest concentration of silk exhibited the most cell retention upon being 

subjected to high shear. Hence, results from this study not only indicate that cell proliferation 

and migration are enhanced due to silk fibroin, but furthermore, the strength of these cells to the 

underlying matrix is enhanced. Additionally, the observed decrease in wound closure and cell 

migration rates of cells treated with silk fibroin concentrations higher than 0.4% wt./vol., during 

the scratch closure assay, may possibly be attributed to the silk fibroin mediated increase in cell-
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substrate adhesive strength, which can hinder cell mobility. Further work is needed to elucidate 

the mechanisms behind this apparent dose-dependent migration response to fibroin in culture. 

The process of cell adhesion to the surrounding and underlying matrix is mediated by the 

clustering of integrin receptors to the site of cell attachment, and the recruitment of various 

structural and signaling molecules to these focal adhesion regions.39-42, 52-55 This results in the 

formation of focal adhesion complexes consisting of various integrin receptors, such as vinculin, 

paxillin, and talin.39–42 In this study, HCLE cells cultured in the presence of silk fibroin exhibited 

a rearrangement of vinculin throughout the cell periphery, as well as increased focal adhesion 

clustering with increasing silk fibroin concentration. Focal adhesions, with the assistance of 

vinculin, serve as critical tethering points between the cell and extracellular matrix, and derive 

additional strength through clustering of the focal adhesion complexes.39-42 As such, enhanced 

clustering of vinculin indicates increased complex aggregation and increased cell-cell matrix 

interaction.52-55 These findings indicate that fibroin stimulates the protein orchestration, which 

facilitates focal adhesion initiation.  Furthermore, the presence of fibroin may also contribute to 

secondary signaling processes that cluster the adhesions that underlie increased cell-cell matrix 

adhesion. More work is required to elucidate the mechanistic underpinnings of these interactions. 

An additional mechanism through which silk fibroin may expedite wound healing is by 

altering the cellular components that regulate epithelial cell mobility, to accelerate migration into 

the denuded corneal surface.  This necessarily requires realignment of the epithelial cytoskeleton, 

which describes a scaffolding of membrane-attached and cytoplasmic proteins that function in 

concert to alter cell morphology and ultimately initiate cell migration. 28-30, 34, 37, 38, 40 

Morphological evaluation of HCLE cells prior to and after stimulation with silk fibroin, showed 

a robust increase in cell spreading, as implicated by the measurement of cell surface area, thus 
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indicating that alterations to the cytoplasm and rearrangement of the cytoskeleton had occurred. 

Of note, doubling the fibroin concentration conferred no additional increase in cell spreading, 

indicating either that signaling pathways underlying rearrangement had become saturated, or 

merely that cells were not capable of spreading further.  Nevertheless, these findings provide 

direct evidence that silk fibroin can stimulate reorganization of epithelial cell structural proteins 

necessary for cell mobility. 

To investigate if silk fibroin’s wound healing properties persist in a multifactorial 

signaling environment, an in vivo corneal epithelial wound healing rabbit animal model was 

utilized. Rabbit corneas treated with silk fibroin, following surgical epithelial debridement, 

showed a significant dose dependent increase in healing rate at 6 hours, relative to saline-treated 

control corneas, clearly demonstrating the beneficial effect of silk fibroin on early healing-

related signaling cascades. Surprisingly, however, the later stages of healing were unaffected by 

fibroin treatment, perhaps indicating that in vivo epithelial cell regulation is governed by separate 

signaling pathways at these later time points. Nevertheless, the ability of silk to accelerate wound 

closure soon after it occurs has great implications to minimize opportunity for wound infection, 

reduce patient pain, and allow for the potential of a more robust healing response.  

Immunohistochemical evaluation of rabbit corneas following re-epithelialization provides 

further evidence of silk fibroin’s effects on enhancing the overall wound healing response. 

Treatment with silk fibroin invoked a robust increase in the expression of proliferative marker, 

Ki-67, in the healing rabbit corneas, relative to control animals. These findings demonstrate silk 

fibroin’s proliferative capacity and its effects on stimulating increased cell proliferation, a crucial 

factor to the regeneration of the corneal epithelium. Moreover, the effective and efficient 

restoration of functional integrity to the epithelial tissue is a hallmark of proper corneal epithelial 
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wound healing. Loss of the superficial epithelium due to injury, leads to the breakdown of tight 

cell-cell junctions and strong cell-matrix adhesions that create the tight junctional integrity of the 

corneal epithelial surface.3-6, 31 Organization of the tight junctions in between epithelial cells is 

restored rapidly after the migrating epithelial cell sheets have covered the denuded corneal 

epithelium.3-6, 31 Interestingly, results from this study show that silk fibroin treatment 

significantly enhanced staining of ZO-1, a protein expressed in cell tight junctions, throughout 

the rabbit corneal epithelium after healing had occurred. These results may indicate an increase 

in regeneration of tight junction formations in the corneal epithelium in the presence of silk 

fibroin, and thus potentially an enhanced restoration of corneal surface integrity. In addition, the 

maintenance of proper cell-matrix adhesions is critical to the regulation of cell migration and 

growth during tissue regeneration.3-6, 37, 38 The observed increase in FAK expression in response 

to silk fibroin treatment indicates robust cell-matrix adhesions, which may contribute to 

improved tissue remodeling and enhanced rebuilding of stratified tissue architecture. The 

improper restoration of corneal epithelial barrier function and mechanical integrity, can lead to 

persistent epithelial defects which may cause sight-threatening pathologies, such as corneal 

scarring, or microbial keratitis from the infiltration of pathogens, resulting in a loss of normal 

vision due to a poorly refractive ocular surface.7-9 As such, the ability of silk fibroin to play an 

active role in the wound repair process, and enhance the reconstruction of the corneal epithelium, 

is of great clinical significance for ocular surface repair applications.   

 

Conclusion 

In summary, results from this study demonstrate the ability of silk fibroin to influence corneal 

epithelial cell behavior and enhance the biological processes involved in a wound healing 
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response. Silk fibroin treatment stimulated a significant increase in epithelial cell migration and 

proliferation, leading to an accelerated rate in closure of scratched cell monolayers. Epithelial 

cells treated with silk fibroin were also found to be more resistant to detachment when 

challenged by fluid shear, suggesting an increase in cell-substrate adhesive force. Increases in 

clustering of focal adhesion complexes and cell surface area, evaluated by measurements of 

vinculin expression and cell spreading, suggest that silk fibroin has profound effects on cell-

matrix interactions and re-alignment of epithelial cell cytoskeletal proteins, leading to changes in 

cell mobility and adhesion. Furthermore, treatment with silk fibroin accelerated the re-

epithelialization of rabbit corneal epithelial abrasion wounds, and enhanced the restoration of 

cell-cell and cell-matrix adhesions during wound repair. Overall, the results from this study 

reveal the important potential benefits of silk fibroin protein solution on corneal epithelial wound 

healing. Future research efforts will be devoted to identifying the molecular pathways and 

mechanisms by which silk fibroin actively promotes wound repair to provide characterization of 

the biologically functional properties of silk fibroin on a molecular level. Collectively, these 

findings will enhance the potential for clinical translation and use of silk fibroin to promote 

healing of the corneal surface.  
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Abstract 

Severe traumatic corneal injuries may render the naturally occurring wound healing process 

insufficient of restoring a healthy corneal epithelium, leading to permanent vision impairment. 

While, regenerated silk fibroin has been shown to significantly enhance corneal wound healing, 

little work has been done to understand the mechanistic foundations of silk fibroin’s beneficial 

effects, and characterize the proteins chemical and molecular attributes responsible for its wound 

healing properties. In this study, we have isolated high and low molecular weight silk fibroin 

protein fragments to evaluate and characterize the influence of protein fragment size on silk 

fibroin’s ability to modulate corneal epithelial cell behaviors involved in the wound healing 

process. When added to cell culture, low molecular weight silk was found to significantly 

increase cell migration, proliferation, and accelerate in vitro scratch wound closure rate. 
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Contrastingly, high molecular weight silk did not have any effects on cell proliferation and 

viability, but was found to dramatically decrease cell migration and wound closure, and 

significantly increase cell-substrate adhesion, likely through clustering of focal adhesions and re-

organization of the actin cytoskeleton. Moreover, low molecular weight silk was found to 

upregulate TGFβ2 expression, while the expression of all TGFβ isoforms was significantly down 

regulated with high molecular weight silk. In addition, the effects of low molecular weight silk 

fibroin on scratch wound closure was partially attenuated in the presence of TGFβRI specific 

inhibitor, suggesting that TGFβ mediated signaling may partially contribute to silk fibroin’s 

stimulatory effects on HCLE cell migration and proliferation.  Findings reveal the extent of 

which silk fibroin’s bio-functional and wound healing properties rely on the chemical and 

molecular attributes of its protein structure. 

 

Introduction 

Corneal epithelial wound healing relies on a complex and dynamic repair process directed to the 

regeneration and remodeling of the corneal epithelium and is essential for the proper restoration 

of the cornea’s highly regular and organized tissue architecture, as well as maintenance of its 

ocular integrity and transparency to ensure normal vision for the eye.1-6 Following injury, re-

epithelialization of corneal defects involves the collective migration of properly adherent basal 

epithelial cell sheets to cover the wounded surface, followed by an increase in epithelial cell 

proliferation and differentiation to repopulate the denuded area and restore a non-keratinized 

stratified epithelium.1-6 Integration of key epithelial cell behaviors throughout the wound healing 

process, including migration, proliferation, cytoskeletal re-organization, and adhesion, is driven 

by an organized cascade of signaling events, stimulated by the release of various growth factors 
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and cytokines into the injury site, and is essential to the efficient and effective repair of the 

ocular surface.1-13 Severe traumatic injuries, however, may render the naturally occurring 

regenerative properties of the cornea incapable of restoring a healthy epithelial surface and thus 

unable to reconstitute it’s critical barrier function.5,6,14 Thus, there is a need for novel 

biomaterials and therapies to promote the acceleration of wound healing and alleviate the 

complications of improper corneal epithelial regeneration.  

Regenerated silk fibroin protein, derived from Bombyx mori silkworm cocoons, has been 

considered to be a novel choice of biomaterial selection for tissue engineering and regenerative 

medicine applications due to its desirable set of controllable material features and its ability to be 

processed into a variety of biomaterial formats.15-17 Many studies have previously reported that 

silk fibroin based materials also exhibit high biocompatibility, controlled degradability, and 

inherent non-immunogenic and non-inflammatory properties when used in vivo, thus providing a 

number of advantages over other bio-polymers for use in a wide range of biomedical 

applications.17-19 Moreover, our previous research efforts have shown that regenerated silk 

fibroin protein solution stimulates in vitro corneal epithelial cell growth, migration, adhesion, 

and promotes tissue regeneration leading to an enhanced corneal wound healing response when 

applied therapeutically on the ocular surface in an in vivo rabbit corneal wound healing model, 

demonstrating its use for ocular surface repair applications.  

Although regenerated silk fibroin has been successfully used as a therapeutic agent to 

enhance tissue regeneration, it is important to understand its bio-functional properties at the 

molecular level. Thorough research efforts have clearly demonstrated that the versatility of silk 

as a biomaterial arises from the fibroin protein’s chemical and molecular attributes, which can be 

heavily influenced by the processing methods used to prepare regenerated silk fibroin solution 
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from raw silk worm cocoons.15, 17, 20-28  Exposure of the silk fibroin protein to harsh denaturing 

conditions affects the intrinsic molecular structure of the protein and leads to differences in 

molecular weight distribution of the regenerated silk fibroin solution.20-28 While studies have 

reported the effects of silk fibroin molecular weight distribution on its mechanical properties, 

biocompatibility, proteolytic degradability, and thermal stability, little to no work has been done 

to investigate the effects of molecular weight distribution on silk fibroin’s wound healing 

properties.20-28  

This study aims to evaluate and characterize the influence of molecular weight 

distribution on silk fibroin’s ability to modulate corneal epithelial cell behaviors involved in the 

wound healing process. Centrifugal filters were used to fractionate regenerated silk fibroin 

solution into high and low molecular weight protein fragments in order to investigate the 

influence of silk protein fragment size on epithelial cell behavior. Time-lapse imaging was used 

to track the migration of human corneal limbal-epithelial (HCLE) cells cultured in the presence 

of different molecular weight size silk fragments. The effects of silk fibroin protein molecular 

weight on epithelial cell proliferation were evaluated using MTT colorimetric viability assay. 

Additionally, the effect of protein fragment size on the ability of silk fibroin to stimulate 

epithelial cell-substrate adhesion was assessed using a parallel plate flow chamber system and 

immunofluorescence staining of focal adhesion protein vinculin. An in vitro scratch assay was 

then used to model a corneal abrasion, where confluent HCLE cell sheets were partially denuded 

and subsequently treated with silk fibroin fragments of different molecular weight to evaluate the 

influence on silk fibroin’s wound healing properties during scratch closure. The influence of 

fibroin molecular weight on the genetic expression of cytokine transforming growth factor beta 

(TGFβ), which has been implicated to play a critical role in the corneal epithelial wound healing 
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process, was evaluated using quantitative PCR. Finally, HCLE cells were treated with a TGFβ-

RI specific inhibitor to disrupt the TGFβ signaling pathway in order to elucidate the molecular 

pathways which underlie silk fibroin’s wound healing effects. Results from this study will 

contribute to establishing a well-defined relationship between silk fibroin molecular weight and 

its influences on the behavior and performance of silk fibroin based materials. Furthermore, 

findings will support our ongoing efforts to better characterize the bio-functional properties of 

regenerated silk fibroin protein solution, by establishing links between silk fibroin fragment size 

and differences in its wound healing properties, ultimately laying the foundations for future work 

utilizing silk fibroin as a biomaterial for ocular surface regeneration. 

 

Methods 

Silk fibroin solution fractionation 

A 50 mg/mL aqueous silk fibroin solution derived from Bombyx mori silkworm cocoons was 

kindly provided by Silk Technologies, Inc. (Plymouth, MN), and utilized for all the described 

studies below. Fractionation of silk fibroin protein fragments was accomplished using Amicon 

Ultra 15 mL centrifugal filters of 100, 50, 30, and 10 kDa MW cutoffs (EMD-Millipore, MA, 

USA). Briefly, 15 mL of a 40 mg/mL silk fibroin stock solution was added to a centrifugal filter 

with 100 kDa MW cutoff and spun down at 4,000 x g for 30 minutes for isolation of silk fibroin 

protein fragments of 100 kDa MW and above. The isolated concentrate was collected and the 

filtrate was subsequently transferred to a centrifugal filter with 50 kDa MW cutoff and spun 

down again at 4,000 x g for 30 minutes to isolate silk fibroin protein fragments of ~50 kDa MW. 

The isolated concentrate was collected and the filtrate was then transferred to a centrifugal filter 

with 30 kDa MW cutoff and spun down again at 4,000 x g for 30 minutes to isolate silk fibroin 
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protein fragments of ~30 kDa MW. The isolated concentrate was collected and the filtrate was 

then transferred to a centrifugal filter with 10 kDa MW cutoff and spun down again at 4,000 x g 

for 30 minutes to isolate silk fibroin protein fragments of ~10 kDa MW. The collected 

concentrates from each MW cutoff were individually washed, 6 times, with 5 mL of dH2O and 

spun down again at 4,000 x g for 30 minutes using centrifugal filters with the respective MW 

cutoff filter size for each concentrate. Fractionation of silk fibroin protein fragments was verified 

using SDS-page gel and Coomassie blue R-250 staining (Gibco, Invitrogen Corporation, Grand 

Island, NY, USA).  

 

Scratch wound closure assay 

A scratch-wound assay with HCLE cells was used to determine the effect of silk fibroin protein 

fragment size on wound closure in vitro. HCLE cells were seeded within 24 well plates (VWR 

Radnor, PA, USA), at 5x104 cells/cm2, and allowed to incubate for a 24 hour period in K-SFM 

media to form a confluent monolayer of cells. The K-SFM media was removed and the confluent 

sheet of cells was wounded by scratching with a 100 µl pipette tip, creating a cell free denuded 

area. The scratch-wounded HCLE cells were washed with 1X PBS to remove any cell fragments 

or detached cells before incubating in fresh K-SFM media containing increasing concentrations 

(1 mg/mL, 2 mg/mL, and 4 mg/mL) of high molecular weight or low molecular weight silk 

fibroin protein solution for 20 hours. Cells were treated with fresh K-SFM media containing 4 

mg/mL of unfractionated silk fibroin protein solution or PBS vehicle as a positive control and 

negative control, respectively. Cell migration was monitored using the microscope’s 24-well 

plate micro-incubator (PeCon, GmbH; M24 S1). A Zeiss Observer Z1 microscope (Carl Zeiss, 

AG) with 10x objective, 1.6x Opto Var., and phase contrast filter was used to sequentially 
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analyze the wound closure during the course of the assay. The microscope’s Mark-and-Find 

feature was used to memorize select positions within each well to capture multiple areas along 

the denuded surface. Time-lapse phase contrast imaging was utilized to record a frame every 15-

minutes over the 20 hour incubation period with an AxioCam single-channel camera and 

AxioVision software (Carl Zeiss, AG).  

 

Analysis of wound closure 

To ensure that wounds with the same wound areas were compared, the area of the wound was 

traced and measured using ImageJ software, for the multiple positions within each well. Time-

lapse images for each position in the wells were analyzed and the wound areas were measured to 

determine the percentage of wound closure at several time points throughout the course of the 

assay. The time points at which the wounds fully healed were recorded. The wound closure by 

HCLE cells in response to treatment with high molecular weight or low molecular weight silk 

fibroin protein fragments, was compared to that of cells treated with unfractionated silk fibroin 

solution, as well as PBS vehicle control.  

 

HCLE cell migration  

HCLE cells were seeded within 24 well plates (VWR Radnor, PA, USA), at 1x104 cells/cm2, and 

allowed to incubate for a 24 hour period in K-SFM media. The K-SFM media was then removed 

and the cells were treated with fresh K-SFM media containing increasing concentrations (1 

mg/mL, 2 mg/mL, and 4 mg/mL) of high molecular weight or low molecular weight silk fibroin 

protein solution for 20 hours. Cells were treated with fresh K-SFM media containing 4 mg/mL of 

unfractionated silk fibroin solution or PBS vehicle as a positive control and negative control, 
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respectively. Cell migration was monitored using the microscope’s 24-well plate micro-incubator 

(PeCon, GmbH; M24 S1), a Zeiss Observer Z1 microscope (Carl Zeiss, AG) with 10x objective, 

1.6X Opto Var. and phase contrast filter. The microscope’s Mark-and-Find feature was used to 

memorize selected positions within each well to capture multiple areas. Time-lapse phase 

contrast imaging was utilized to record a frame every 15-minutes over the 20 hour incubation 

period with an AxioCam single-channel camera and AxioVision software (Carl Zeiss, AG). 

Single cell migration and migratory paths of individual HCLE cells, was analyzed using the 

‘Tracking’ package in AxioVision software for individual time-lapse movies. Randomly sampled 

cells, from each group were tracked from representative locations within each well and the 

software compiled average measurements for single cell migration rate.  

 

Epithelial cell viability assay 

HCLE cells were cultured in a 96-well plate (VWR Radnor, PA, USA), at a cell seeding density 

of 3x103 cells/cm2 in the presence of increasing concentrations (1 mg/mL, 2 mg/mL, and 4 

mg/mL) of high molecular weight or low molecular weight silk fibroin protein solution. Cells 

were treated with 4 mg/mL of unfractionated silk fibroin solution or PBS vehicle as a positive 

control and negative control, respectively. The cultures were then subjected to the MTT 

colorimetric assay, following manufacturer instructions, at 12 hours post treatment, which was 

the duration when the greatest impact of wound healing was observed in vitro, from our previous 

studies. Briefly, 50 µl of MTT stock solution (5 mg/mL, Gibco, Invitrogen Corporation, Grand 

Island, NY, USA) was added to the cultures containing 500 µl of fresh medium and incubated at 

37 °C for 4 hours in the dark. After the medium was aspirated, 200 µl of Dimethyl Sulfoxide 

(DMSO, Sigma-Aldrich, St. Louis, MO, USA) was added and mixed thoroughly to release the 
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formazan. The absorbance of the resultant solution was recorded at 540 nm using a Biomek plate 

reader (Beckman Coulter, Brea, CA, USA). Wells containing culture media, without cells, were 

set up as negative controls. 

 

Cell Substrate Adhesion Assay 

HCLE cells were seeded in 35 mm cell culture dishes, at 3x105 cells per dish. This cell seeding 

density was chosen to ensure proper surface coverage with minimal cell-cell contact formation. 

Cells were allowed to incubate overnight to ensure optimal cell attachment to the substrate. 

Media from the cell-seeded dishes was removed and fresh K-SFM with 4 mg/mL of different silk 

fibroin protein solutions (high molecular weight, low molecular weight, or unfractionated) or 

PBS vehicle control was added, and the cells were allowed to incubate overnight. Following 

incubation, cell substrate adhesion was evaluated using a parallel plate flow chamber cell 

(Glycotech, Gaithersburg, MD). The flow channel within the chamber had dimensions of 5 mm 

width (w), 0.1 mm height (h), and 48.2 mm length (l). Media was aspirated from the cell-seeded 

dishes and the flow chamber was placed on top of the cells.  PBS was warmed to 37 oC to yield 

an apparent fluid viscosity (µ) of ~ 0.8 cp.  A syringe pump was used to deliver the PBS at a 

volumetric flow rate (Q) of 52.2 ml/min to create a continuous one dimensional laminar fluid 

flow within the channel. The wall shear stress was determined as previously described.48 The 

delivered fluid shear stress is defined by the following equation:   

 

τw = 6 µQ/ b(h2) 
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The channel width (b) and channel height (h) are fixed variables dictated by the dimensions of 

the silicone gasket attached to the flow chamber deck, placed over the cells. PBS that is infused 

through the flow channel, to create laminar flow conditions, is kept at 37o C to yield a constant 

apparent fluid viscosity (µ) of ~ 0.8 cp, throughout the course of the assay. Thus, the delivered 

wall shear stress (τw) remains solely a function of the volumetric flow rate (Q) of the PBS 

infused by the syringe pump. Cells were subjected to a wall shear stress of 98.4 Pa for 1 minute, 

and areas of analysis, with a cell count of 30-40 cells, were imaged during the course of the assay 

on a Zeiss Observer Z1 microscope (Carl Zeiss, AG) with 10x objective and phase contrast filter. 

Images of the cells were captured using an AxioCam single-channel camera and AxioVision 

software (Carl Zeiss, AG). The total number of adherent cells within the area of analysis was 

determined before and after the onset of flow. Cellular adhesion of cells treated with different 

silk fibroin protein solutions was evaluated and compared to cells treated with PBS buffer 

(treatment vehicle) as a control.  

 

HCLE immunofluorescent staining and imaging 

HCLE cells were cultured overnight in the presence of 4 mg/mL of different silk fibroin protein 

solutions (high molecular weight, low molecular weight, or unfractionated) or PBS vehicle 

control, were fixed with 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, 

PA, USA) for 15 minutes, then rehydrated in PBS containing 0.5% bovine serum albumin (BSA, 

Sigma-Aldrich, St. Louis, MO, USA), and 0.05% nonionic surfactant (Triton-X-100; Sigma-

Aldrich, St. Louis, MO, USA) for 1 hour.  After fixation, 50 µl of primary antibody solution 

(anti-vinculin, 1:400, Sigma-Aldrich, St. Louis, MO, USA) were added for 1 hour at room 

temperature. Samples were incubated with secondary antibody for 1 hour using appropriate 
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isotype matched non-specific IgG as controls.  Samples were also stained with Alexa Fluor® 568 

phalloidin (Gibco, Invitrogen Corporation, Grand Island, NY, USA).  After washing with PBS, 

Samples were mounted with VECTASHIELD Mounting Medium with DAPI (Vector 

Laboratories, Burlingame, CA, USA).  Fluorescent staining was visualized using Observer Z1 

fluorescent microscope (Carl Zeiss, AG) with both 10x and 40x objective lenses. An AxioCam 

HRm digital camera (Carl Zeiss, AG) and AxioVision 4.0 software were used to capture single 

and z-stack images (45-60 layer range) at 0.25 µm slices using DAPI, GFP, and Texas Red filter 

channels.  Deconvolution was performed on each z-stack using 3D Huygens Deconvolution 

Software (Scientific Volume Imaging BV, The Netherlands).  

 

Cell Spreading and cytoskeletal re-organization 

HCLE cells cultured overnight in the presence of 4 mg/mL of different silk fibroin protein 

solutions (high molecular weight, low molecular weight, or unfractionated) or PBS vehicle 

control, were fixed with 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, 

PA, USA) for 15 minutes, then rehydrated in PBS containing 0.5% BSA (Sigma-Aldrich, St. 

Louis, MO, USA), and 0.05% Triton-X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 1 hour. 

After fixation, samples were stained with Alexa Fluor® 568 phalloidin (1:40, Gibco, Invitrogen 

Corporation, Grand Island, NY, USA) for 20 minutes. After washing with PBS, samples were 

mounted with VECTASHIELDTM Mounting Medium with DAPI (Vector Laboratories, 

Burlingame, CA, USA).  Fluorescent staining was visualized using Observer Z1 fluorescent 

microscope (Carl Zeiss, AG) with a 10x objective lens. An AxioCam HRm digital camera (Carl 

Zeiss, AG) and AxioVision 4.0 software were used to capture single and z-stack images (45-60 

layer range) at 0.25 µm slices using DAPI and Texas Red filter channels. Deconvolution was 
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performed on each z-stack using 3D Huygens Deconvolution Software (Scientific Volume 

Imaging BV, The Netherlands). The surface area of the cells, under both sparse and confluent 

conditions were measured using ImageJ software (ver. 1.48, NIH) to evaluate alterations to cell 

spreading in response to stimulation by different silk fibroin fragment solutions. 

 

RNA Isolation and Quantitative PCR 

HCLE cells were seeded in 35 mm dishes at 6x105 cells per dish and cultured for 12 hours in the 

presence of 4 mg/mL of different silk fibroin protein solutions (high molecular weight, low 

molecular weight, or unfractionated) or PBS vehicle control. Total RNA was then extracted 

using Qiagen RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA), and RNA integrity and 

quantity were checked using Agilent Technologies 2100 Bioanalyzer and Nanodrop 

Spectrophotometer at the Genomics Resources Core Facility of Weill Cornell Medical College. 

Afterwards, 450 ng of total RNA from each sample was reverse transcribed into cDNA using the 

High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Life Technologies, Grand 

Island, NY). Quantitative PCR was carried out in a Step One Plus real time PCR system 

(Applied Biosystems, Life Technologies, Grand Island, NY) using the SYBR Select Master Mix 

kit (Applied Biosystems, Life Technologies, Grand Island, NY) and the following specific 

primer sets:  

 

hTGFA-Fw: ttttggtgcaggaggacaag; hTGFA-Rv:GCACACATGTGATGATAAGG;  

hTGFB1-Fw:AATGGTGGAAACCCACAACG; hTGFB1-Rv:GCTGCTCCACTTTTAACTTG;  

hTGFB2-Fw:GTTCAGAGTCTTTCGTTTGC; hTGFB2-Rv:TCAGTTACATCGAAGGAGAG;  

hTGFB3-Fw:ATGAGCACATTGCCAAACAG; hTGFB3-Rv:GGACAGTGAATGCTGATTTC;   
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The expression of candidate genes was normalized against the housekeeping gene, 

glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Relative quantitation was performed 

using the 2( –ΔΔCt) method. 

 

Role of TGFβ signaling in silk fibroin induced wound closure 

To evaluate the possible involvement of TGFβ signaling in silk fibroin induced wound closure, 

TGFβRI specific inhibitor (5µM, SB431542, Tocris Bioscience, Ellisville, MO) was used to 

inhibit the TGFβ signaling pathway in HCLE cells during wound closure. HCLE cells were 

seeded within 24 well plates (VWR Radnor, PA, USA), at 5x104 cells/cm2, and allowed to 

incubate for a 24 hour period in K-SFM media to form a confluent monolayer of cells. A scratch 

assay was then performed as described previously in the presence low molecular weight silk 

fibroin protein solution or PBS vehicle, with or without 5µM of TGFβRI specific inhibitor 

SB431542, to elucidate the role of TGFβ mediated signaling during silk fibroin induced cell 

migration and acceleration of wound healing. 

 

Statistical analysis 

A two-way ANOVA test was performed to reveal whether any of the experimental groups were 

affected by the differences in molecular weight of silk fibroin and to identify statistically 

significant changes in cellular responses between different treatement groups and control groups. 

P values were calculated using Prism Software.  
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Results 

Fractionation and molecular weight distribution of silk fibroin protein solutions 

Fractionation of the regenerated silk fibroin solution was accomplished through a series of 

centrifugation steps utilizing Amicon Ultra 15 mL centrifugal filters of 100, 50, 30, and 10 kDa 

MW cutoffs (EMD-Millipore, MA, USA). In order to evaluate the molecular weight range of the 

fractionated silk fibroin solutions, the electrophoretic mobility of the silk fibroin protein was 

visualized using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

compared to that of unfractionated silk fibroin solution (Figure 1). SDS-PAGE of the 

unfractionated silk fibroin indicated a wide molecular weight distribution of silk fibroin protein 

within the solution, as evidenced by a large smear located approximately between the 300 kDa 

and 30 kDa molecular mass ranges. Fractionation of the regenerated silk fibroin solution, 

however, produced solutions of high and low molecular weight silk fibroin protein. When 

compared to unfractionated silk fibroin solution, SDS-PAGE of the high molecular weight 

solution produced a smear indicating an approximate molecular weight distribution between the 

300 kDa and 100 kDa range, while the low molecular weight solution produced a smear 

indicating a molecular weight distribution predominantly in the 30 kDa range, and thus 

confirming the fractionation of regenerated silk fibroin into high and low molecular weight silk 

fibroin protein solutions.  
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Figure 1.  SDS-PAGE analysis of regenerated silk fibroin solutions of various molecular weight range distributions. 

An aqueous silk fibroin solution was fractionated into (B) high molecular weight and (C) low molecular weight silk 

fibroin fragments, and their molecular weight distributions were compared to the (E) unfractionated silk fibroin 

solution. (A, D) Molecular weight protein marker.  

 

Low molecular weight silk fibroin stimulates epithelial cell migration, proliferation, and 

wound closure.  

The effect of silk fibroin protein molecular weight distribution on modulating epithelial cell 

behavior was first investigated using an in vitro epithelial cell migration assay. Human corneal 

limbal-epithelial cells were chosen as a reliable cell model for in vitro studies, based on the cell 

line’s highly characterized history and reliability when working with new biomaterials such as 

silk fibroin.29,30 Our previous research efforts have successfully demonstrated an increase in 

epithelial cell migration and proliferation, and an acceleration in scratch wound closure in vitro, 

when cells were treated with 4 mg/mL of unfractionated silk fibroin solution, and thus it was 
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used as a positive control for silk fibroin’s stimulatory effects throughout the current study. 

HCLE cells were cultured in the absence or presence of increasing concentrations of high and 

low molecular weight, as well as unfractionated (positive control), silk fibroin solution. The 

motility of single cells was assessed, utilizing cell tracking software, and the average migration 

rates of randomly selected cells from each group were compared (Figure 2). As expected, cells 

treated with 4 mg/mL of unfractionated silk fibroin showed a 40% increase in average cell 

migration rate, relative to control cells. Interestingly, however, treatment with all concentrations 

of high molecular weight silk fibroin protein resulted in a 50% decrease in cell migration rate, 

when compared to control cells, and a 60% decrease in cell migration rate, relative to cells 

treated with unfractionated silk. Strikingly, treatment with low molecular weight silk fibroin 

protein demonstrated the opposite effect, evidenced by results showing a dose dependent 

increase in cell migration rate. Cells treated with 4 mg/mL of low molecular weight silk fibroin 

protein showed an ~80% and a 20% increase in cell migration rate, relative to cells treated with 

vehicle control and unfractionated silk, respectively. Additionally, treatment with 4 mg/mL of 

low molecular weight silk resulted in a 200% increase in cell migration rate relative to cells 

treated with high molecular weight silk of the same concentration.  
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Figure 2.  Soluble silk fibroin promotes HCLE cell migration in vitro. Summary graph showing the mean singular 

cell migratory rate of HCLE cells treated with increasing concentrations of different MW silk fibroin (*** p < 0.05 

vs. Control; # p < 0.05 vs. Unfr. SF; α p < 0.05 vs. High MW SF (1 mg/ml); β p < 0.05 vs. High MW SF (2 mg/ml), 

φ p < 0.05 vs. High MW SF (4 mg/ml); N=3, n=100). 

 

Studies were performed to evaluate whether molecular weight may also play a role in 

influencing silk fibroin’s effects on epithelial cell proliferation. HCLE cells were cultured in like 

numbers in the absence or presence of increasing concentrations of high and low molecular 

weight, as well as unfractionated (positive control), silk fibroin solution for 12 hours, which was 

the duration during which the greatest increase in wound healing was observed in vitro, during 

our previous studies. The cultures were then subjected to an MTT colorimetric metabolic assay 

to evaluate the difference in cell number (Figure 3). Corroborating results from our previous 

research efforts, treatment with 4 mg/mL of unfractionated silk enhanced cell proliferation by 
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over 30%, relative to control cells. Surprisingly, cells treated with all concentrations of high 

molecular weight silk fibroin did not show any increase or decrease in cell proliferation, relative 

to control cells. Interestingly, however, cell proliferation was significantly increased in a dose 

dependent manner when cells were treated with low molecular weight silk fibroin. Cells treated 

with 4 mg/mL of low molecular weight silk fibroin solution, showed a 45% and 10% 

enhancement in cell growth, relative to control cells and cells treated with unfractionated silk, 

respectively. Moreover, cell proliferation was over 50% higher when compared to cells treated 

with high molecular weight silk fibroin.  

 

Figure 3.  Silk fibroin enhances HCLE cell growth and viability in vitro. Summary graph of MTT viability assay 

performed on cells cultured in the presence of increasing concentrations of different MW silk fibroin solutions for 

12 hours. (*** p < 0.05 vs. Control; # p < 0.05 vs. Unfr. SF; α p < 0.05 vs. High MW SF (1 mg/ml); β p < 0.05 vs. 

High MW SF (2 mg/ml); φ p < 0.05 vs. High MW SF (4 mg/ml); N=3, n=3).  
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Corneal epithelial cell behavior, during wound healing on the ocular surface, was then 

mimicked in vitro using confluent HCLE cell sheets that were partially denuded to model a 

corneal abrasion. The cells were subsequently treated in the absence or presence of high and low 

molecular weight, as well as unfractionated (positive control), silk fibroin solution and the 

epithelial growth and migration rates were subsequently calculated by measuring cell coverage 

into the denuded space at defined time points (Figure 4A). Treatment with unfractionated silk 

fibroin, showed a 40% increase in wound closure by 16 hours, relative to control cells. Wound 

healing rate was further enhanced when cells were treated with low molecular weight silk 

fibroin, which resulted in an over 50% and 10% increase in wound closure by 16 hours, 

compared to control cells and cells treated with unfractionated silk, respectively. Similar to 

previous experiments demonstrating a decrease in epithelial cell migration and growth, treatment 

with high molecular weight silk unsurprisingly resulted in a significant reduction in scratch 

closure time as evidenced by a 20% and 50% decrease in wound closure by 16 hours, relative to 

control cells and cells treated with low molecular weight silk, respectively (Figure 4B).  
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Figure 4.  Low molecular weight silk fibroin fragment enhances scratch wound closure in vitro. A) Representative 

images from wound healing assay demonstrate that cell growth and migration into the cell-free region (outlined in 

white) is significantly accelerated in the presence of low molecular weight silk fibroin. (B) Summary bar graph 

illustrating percent wound closure at indicated time points during the scratch wound assay (*** p < 0.05 vs. Control; 

# p < 0.05 vs. Unfr. SF; † p < 0.05 vs. High MW SF; N=3, n=3) 

 

High molecular weight silk fibroin promotes epithelial cell-substrate adhesion through 

organization of focal adhesion complexes and re-alignment of epithelial cell cystoskeleton 

HCLE cells were cultured in the absence or presence of high and low molecular weight, as well 

as unfractionated, silk fibroin solution and a laminar fluid flow chamber was utilized to evaluate 

and quantify the resistance of the cells to detachment when challenged by fluid shear, as 

previously described (Figure 5). When challenged with continuous, one dimensional, fluid shear, 

non-fibroin treated (control) cell retention was approximately 75%. Expectedly, the addition of 4 

mg/mL of unfractionated silk fibroin significantly increased cell retention to over 90%. 

Interestingly, cell retention was further increased by 5% when cells were treated with high 

molecular weight silk fibroin, indicating an improvement in cell-matrix adhesion. Intriguingly, 

however, cell attachment was not improved by the addition of low molecular weight silk fibroin 
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as evidenced by a 14% and 18% decrease in cell retention, relative to unfractionated silk and 

high molecular weight silk treated cells, respectively. Furthermore, the cell detachment profile 

and the cell retention of low molecular weight silk treated cells upon being subjected to high 

shear, was not statistically different to that of control cells.  

 

 

Figure 5. Summary graph demonstrating a significant increase in the number of remaining adhered HCLE cells after 

exposure to high fluid shear forces (~98.4Pa), indicating an enhancement in cell-substrate adhesive strength when 

cells were treated with high MW silk fibroin. (*** p < 0.05 vs. Control; # p < 0.05 vs. Unfr. SF; † p < 0.05 vs. High 

MW SF; N = 3, n = 100). 

 

Immunofluorescent staining and imaging of vinculin was used to visualize and asses the 

formation and arrangement of focal adhesion subunits in HCLE cells cultured in the presence or 

absence of high and low molecular weight, as well as unfractionated, silk fibroin solution (Figure 

6). Treatment with PBS vehicle (control) and low molecular weight silk resulted in a dispersed 

arrangement of vinculin along the basal plasma membrane surface. In contrast, however, 
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clustering and aggregation of vinculin along the cell periphery occurred in unfractionated silk 

treated cells, and significantly increased when cells were treated with high molecular weight silk, 

which was shown to enhance cell adhesion the most during the previous experiment.  

 

 

Figure 6. Silk fibroin enhances cell adhesion by promoting focal adhesion clustering. Representative images of 

HCLE cells cultured in PBS treatment vehicle (control) and in the presence of unfractionated SF (positive control), 

low MW SF, or high MW SF. Cells treated with unfractionated or High MW SF exhibited increased vinculin (green) 

staining along the cell membrane, indicating points of cell attachment (nucleus = blue). Vinculin clustering along the 

periphery of the cell was more pronounced with high MW SF treatment, relative to all other treatment groups.  

 

To determine whether alterations to the cell cytoplasm had occurred in response to 

treatment with silk fibroin solutions of different molecular weights, HCLE cells were plated on 

2-dimensional surfaces at a low density to mimic environments adjacent to a wound area, or at a 

high density to form a confluent intact monolayer as would exist on the healthy ocular surface, 

and subsequently treated with PBS vehicle (control) or high and low molecular weight, as well as 

unfractionated, silk fibroin solution. The cell surface area of the treated cells was then measured 
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to evaluate cell spreading (Figure 7). Cells that were in compact cell sheets, possessed a lower 

average surface area when compared to cells cultured at lower densities, which had more room 

for spreading. However, incubation with unfractionated silk fibroin stimulated a robust increase 

in cell surface area, for both low and high cell densities, and the degree of cell spreading was 

further increased when cells were treated with high molecular weight silk. Interestingly, the 

observed cell response was molecular weight dependent, as treatment with low molecular weight 

silk did not result in any significant increases in cell spreading when compared to non-fibroin 

treated (control) cells.  

 

 

Figure 7.  (A) Representative phase contrast images demonstrate an increase in HCLE cell spreading in the presence 

of high MW silk fibroin. (B) Summary graphs represent mean surface area of HCLE cells cultured sparsely 

(individual cells) or to confluence (cell sheets), in the presence of different MW silk fibroin solutions, or PBS 

treatment vehicle (control) (*** p < 0.05 vs. Control; # p < 0.05 vs. Unfr. SF; † p < 0.05 vs. High MW SF; N = 3, n 

= 100). 
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Silk fibroin influences TGFβ genetic expression 

QPCR was performed and the genetic expression of TGFβ1, TGFβ2, and TGFβ3 was analyzed 

(Figure 8). Treatment with low molecular weight silk fibroin evoked over a 2 fold increase and a 

1.75 fold increase in TGFβ2 gene expression relative to non-fibroin treated (control) cells and 

cells treated with unfractionated silk, respectively. Treatment with either unfractionated silk or 

low molecular silk did not result in significant changes of TGFβ1 gene expression, while TGFβ3 

gene expression was significantly increased with low molecular weight silk. Additionally, the 

molecular weight dependence of silk fibroin’s stimulatory effects was further exemplified by the 

significant decrease in genetic expression of all genes when cells were treated with high 

molecular weight silk.  

 

 

Figure 8.  Q-PCR of relative expression of the TGFβ family of genes in HCLE cells cultured in the presence of 

different MW silk fibroin solutions, or PBS vehicle treatment (control). (** p < 0.05 vs. Control; # p < 0.05 vs. Unfr. 

SF; † p < 0.05 vs. Low MW SF; N = 3, n = 100). 
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TGFβ signaling pathway inhibitor prevents low molecular weight silk fibroin induced cell 

migration and wound closure 

A scratch assay was performed using HCLE cells treated with PBS vehicle (control) or low 

molecular weight silk fibroin, in the presence or absence of 5µM of TGFβRI specific inhibitor, 

SB431542. Results demonstrate that low molecular weight silk fibroin stimulation of cell 

migration was attenuated by inhibition of TGFβ signaling (Figure 9). Cells treated with low 

molecular weight silk in the presence of SB431542 showed a significant decrease in healing rate 

and an ~20% decrease in wound closure by 16 hours, relative to cells treated with low molecular 

weight silk without SB431542. It is important to note that the addition of SB431542 to non-

fibroin treated cells also reduced cell migration and wound closure rate relative to non-fibroin 

treated cells without SB431542.  
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Figure 9.  The effects of low molecular weight silk on cell migration and scratch wound closure in vitro are 

attenuated in the presence of a TGFβ signaling pathway inhibitor. (A) Representative images from scratch wound 

healing assay. (B) Summary bar graph illustrating percent wound closure at indicated time points during the scratch 

wound healing assay (*** p < 0.05 vs. Control; † p < 0.05 vs. Low MW SF;  # p < 0.05 vs. Control (+SB431542); 

N=3, n=3) 

 

Discussion 

For the first time, it has been successfully demonstrated that the ability of silk fibroin to 

influence corneal epithelial cell behavior and enhance the biological processes involved in a 

wound healing response is dependent on the fragment size of the silk protein delivered in 

solution form. This work provides further substantial evidence that the versatility of silk fibroin 

as a biomaterial arises from the protein’s chemical and molecular attributes, which are known to 

be heavily influenced by the various processing modalities and regimes which are required for 

the final silk product formation. 20-28 A key initial step in the preparation of silk fibroin based 

biomaterials is the extraction of silk fibers from raw silk worm cocoons through a degumming 
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process, which relies on strong denaturants, such as heat and change in pH, to remove the 

contaminating sericin protein coating from the silk fibers.15, 17, 20-25 The purified fibers are then 

subsequently solubilized using strong chaotropic agents, including concentrated acids, inorganic 

salts, fluorinated organic solvents, and ionic liquids, to disrupt the strong hydrogen bonds which 

stabilize the protein crystal structure, and produce what is termed a regenerated silk fibroin 

solution, from which a variety of material formats can be fabricated.15, 17, 26-28 Consequently, 

disruption of intermolecular hydrogen and or/van der Waals bonds by exposing the silk fibroin 

protein to harsh denaturing conditions during the degumming and dissolution processes results in 

the fracturing and degradation of its peptide molecular structure, ultimately impacting the 

molecular weight distribution of the regenerated silk fibroin solution and leading to significant 

changes in its bio-functional material properties.20-28  

Previous work has been primarily focused on establishing a relationship between the 

processing induced fragmentation in the silk fibroin protein structure, and changes in biomaterial 

properties such as mechanical strength, degradation rate, thermal stability, and biocompatibility 

when silk is used as a film scaffold material.20-28 Studies by Pritchard et al., investigated the 

proteolytic degradation of films produced from regenerated silk fibroin, and have reported an 

increase in proteolytic degradation rate corresponding with a decrease in silk fibroin molecular 

weight.23 Wray et al. reported significant differences in the cell viability of human dermal 

microvascular endothelial cells grown on silk films prepared from silk fibroin solutions of 

varying molecular weights, suggesting that changes within the silk molecular structure may 

ultimately influence the way proteins adsorb to the surface of silk fibroin based biomaterials, 

thus affecting cell adhesion and viability.20 However, limited studies have investigated the 

relationship between silk fibroin’s molecular weight distribution and its physiological function in 
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mediating cell behavior and biological mechanisms contributing to the wound healing process. 

Previously, we have demonstrated silk fibroin’s stimulatory effects on corneal epithelial cell 

behavior and biological processes, including cell migration, proliferation and cell-matrix 

adhesion, when silk fibroin is added in solution form during in vitro cell culture. We have also 

shown that the therapeutic application of regenerated silk fibroin solution onto the ocular surface, 

following injury, promotes tissue re-epithelialization and an overall enhanced corneal wound 

healing response in an in vivo rabbit corneal abrasion model, ultimately demonstrating its use for 

ocular surface repair applications. The current study, however, reveals a molecular weight 

dependence of silk fibroin’s stimulatory effects and wound healing properties when the 

regenerated silk fibroin solution is fractionated into high and low molecular weight protein 

fragments.   

When added as a supplement to cell culture, low molecular weight silk fibroin stimulated 

a significant increase in cell migration rate and proliferation. Contrastingly, treatment with high 

molecular weight silk fibroin significantly inhibited cell mobility, but did not demonstrate any 

significant effects on cell proliferation and viability. Additionally, the molecular weight 

dependent differences in silk fibroin’s stimulation of corneal epithelial cell behavior, leading to 

an enhanced wound healing response, was further pronounced in an in vitro epithelial abrasion 

model used to assess wound closure. HCLE cells treated with low molecular weight silk fibroin, 

showed a significant acceleration in rate of wound closure and entirely occupied the wound area 

faster, when compared to cells treated with high molecular weight silk, which showed a 

significant decrease in wound closure rate as a result of slower cell migration and growth. These 

results clearly implicate the significance of protein molecular weight on the bio-functional 
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properties of silk fibroin and its ability to enhance wound healing through stimulation of cell 

growth and migration. 

Establishing proper cell adhesion to the underlying matrix during the wound healing 

process is critical for the re-epithelialization of the tissue and effective restoration of native 

epithelium architecture and integrity.1, 3, 11-13, 31-33 While our previous studies have demonstrated 

an enhancement in cell-matrix adhesion when HCLE cells were treated with unfractionated silk 

fibroin solution, results from this study reveal, however, that the observed increase in cell 

adhesion, stimulated by the addition of silk fibroin, is heavily influenced by the fragment size of 

the silk fibroin protein delivered. Cells treated with high molecular weight silk fibroin showed a 

significantly greater increase in cell retention, relative to cells treated with low molecular weight 

silk fibroin, when challenged by fluid shear. Moreover, close examination of focal adhesion 

formation and organization, by way of vinculin staining, reveals an increase in cell focal 

adhesion clustering with high molecular weight silk fibroin treatment. Focal adhesion 

complexes, comprised of various integrin receptors, including vinculin, serve as critical tethering 

points between the cell and extracellular matrix, and are known to derive additional strength 

through clustering.33-36 As such, the observed increase in focal adhesion clustering indicates a 

stimulated increase in cell-matrix interactions, and suggests that high molecular weight silk 

fibroin mediates an increase in cell-substrate adhesion through stimulation of vinculin protein 

orchestration and may also contribute to secondary signaling which facilitates focal adhesion 

formation.37-40 It is well known that various aspects of cellular function, including migration, 

proliferation, differentiation, and survival, are partially regulated by physical cues conveyed 

through adhesions and interactions with the surrounding extracellular matrix.31, 32 Moreover, the 

regulation of cell motility heavily relies on the formation and regulation of proper cellular 
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adhesions and anchors to the underlying substrate during the process of cell migration.1-4, 31, 32 

Thus, the observed inhibitory effects of high molecular weight silk fibroin on cell migration and 

wound closure may possibly be attributed to its role in significantly increasing cell-substrate 

adhesive strength, which can hinder cell mobility.  

An additional mechanism through which silk fibroin may modulate epithelial cell 

migration, is by facilitating the re-organization of the epithelial cytoskeletal structure, comprised 

of membrane-attached and cytoplasmic structural proteins, which is involved in the regulation of 

cell motility.7, 8, 12, 31, 32, 34, 41 As evidenced by morphological evaluation of cell surface area, prior 

to and after stimulation, alterations to the cytoplasm and rearrangement of the cytoskeleton were 

the most pronounced in cells treated with high molecular weight silk fibroin, which showed a 

robust increase in cell spreading, relative to cells treated with unfractionated or low molecular 

weight silk. Interestingly, the observation that treatment with low molecular weight silk fibroin 

resulted in no significant increase in cell surface area, suggests that an increase in cell spreading 

correlates with an increase in cell-substrate adhesion, and a decrease in cell mobility, as seen in 

cells treated with high molecular weight silk.  

While these findings provide direct evidence that the changes in silk fibroin’s stimulation 

of cell behavior depend on the protein’s fragment size and molecular weight, the exact 

mechanistic and molecular underpinnings of the observed changes in biological activity, are yet 

to be known. Corneal epithelial wound healing requires the integration of key biological 

processes and epithelial cell behaviors, driven by an organized cascade of signaling mechanisms. 

The TGFβ cytokine family and their receptors, which comprise a complex group of 

multifunctional proteins that are expressed in the mammalian corneal epithelium under normal 

physiological conditions, but are significantly upregulated following injury, are known regulators 
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of the various events involved during corneal epithelial maintenance and wound healing.42-44 

Research has shown that a decrease or inhibition of TGFβ signaling has resulted in a delay of 

corneal wound repair, thus making it an important intrinsic factor in the regulation of cell 

migration and proliferation during the wound healing process.42, 43 In the current study, treatment 

with low molecular weight silk evoked a robust increase in TGFβ2 isoform expression, 

correlating well with the observed enhancement in cell migration, proliferation, and wound 

closure. Moreover, treatment with high molecular weight silk resulted in a significant down 

regulation in the expression of all isoforms of TGFβ, suggesting that the observed decrease in 

cell migration, proliferation, and scratch wound closure, may perhaps be attributed to an 

inhibitory effect on TGFβ expression and signaling.   

However, while it is tempting to speculate that silk fibroin stimulates an increase in cell 

migration and growth through TGFβ mediated signaling, the effects of low molecular weight silk 

fibroin on scratch wound closure was only partially attenuated in the presence of TGFβRI 

specific inhibitor, which was used to disrupt the TGFβ signaling pathway in HCLE cells during 

an in vitro scratch assay. It is important to note that cell migration and wound closure is also 

attenuated when TGFβ signaling is inhibited during basal conditions, and despite a decrease in 

silk fibroin’s stimulatory effects, the wound closure rate of inhibited cells treated with low 

molecular weight silk was still faster than control cells treated with the inhibitor alone. This 

suggests that silk fibroin is at least partially stimulating cell migration and growth through the 

activation of TGFβ signaling, but is most likely activating multiple signaling pathways that are 

capable of modulating corneal epithelial cell behavior and increasing cell migration when the 

TGFβ signaling pathway is inhibited. Nevertheless, these results provide additional insight into 

the molecular mechanisms that contribute to silk fibroin’s stimulatory effects on cell migration 

99 
 



and growth during wound closure.  Extensive research efforts by Martinez-Mora et al., reveal 

that silk fibroin mediates the stimulation of cell migration through the activation of MEK, PI3K, 

and JNK pathways.47 Studies have also shown that these pathways, along with other signaling 

pathways known to regulate cell behaviors involved in epithelial wound healing, including 

Smads, MAPK-Erk-1/2  and p38MAPK, can be activated through TGFβ mediated signaling.42-46  

Thus, more work is required to identify the specific signaling pathways which are involved in 

silk fibroin’s physiological activity and bio-functional effects on epithelial cell behavior.   

 

Conclusion 

In summary, results from this study reveal that silk fibroin’s bio-functional properties can be 

attributed to the chemical and molecular attributes of the protein itself. The ability of silk fibroin 

to influence corneal epithelial cell behavior and enhance the biological processes involved in a 

wound healing response is shown to be dependent on the fragment size of the silk protein 

delivered. Treatment with low molecular weight silk fibroin stimulated a significant increase in 

epithelial cell migration and proliferation, leading to an accelerated rate in closure of scratched 

cell monolayers, as opposed to high molecular weight silk which had significant inhibitory 

effects on cell migration and scratch wound closure. Differences in silk fibroin fragment size 

also influenced silk fibroin’s stimulatory effects on epithelial cell adhesion. Cells treated with 

high molecular weight silk fibroin were found to be more resistant to detachment when 

challenged by fluid shear, relative to cells treated with low molecular weight silk, suggesting an 

increase in cell-substrate adhesive force. Increases in focal adhesion clustering and cell spreading 

with high molecular weight silk, further indicates that fragment size has a profound effect on silk 

fibroins ability to stimulate cell-matrix interactions and re-alignment of epithelial cell 
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cytoskeletal proteins, leading to changes in cell mobility and adhesion. The ability of silk fibroin 

to stimulate the expression of genes implicated in corneal wound healing was evaluated, and the 

effect of fragment size on TGFβ expression was significant. Low molecular weight silk robustly 

increased TGFβ2 expression while high molecular weight silk had a significant down regulating 

effect. Furthermore, the use of TGFβRI inhibitor during wound closure revealed that low 

molecular weight silk fibroin may possibly be stimulating an increase in cell growth and 

migration through TGFβ mediated signaling. Overall, the results from this study further 

characterize silk fibroin’s wound healing effects and reveal the extent of which its bio-functional 

properties rely on the chemical and molecular attributes of its protein structure. Future research 

efforts will be devoted to further establishing links between changes in silk fibroin molecular 

structure and changes in physiological activity, as well as identifying the molecular pathways 

and mechanisms by which silk fibroin actively promotes wound repair to characterize the 

stimulatory effects of silk fibroin on a molecular level. Collectively, these findings will enhance 

the potential for clinical translation and use of silk fibroin for tissue regeneration and repair of 

the ocular surface.  
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Conclusion 

There is a growing need for the development of novel biomaterials that enable enhanced 

clinical therapies to treat the injured eye, offer ease-of-use from an application standpoint, and 

enhance regeneration of the ocular surface on multiple levels. These include the enhancement of 

the wound healing process, the reduction of concomitant inflammation, risk of infection, and 

patient pain, as well as provide comfort during use.1-3 Historically, it has been challenging to 

develop such ophthalmic therapeutics as the existing treatment modalities were not designed to 

act on multiple levels of the healing process.1-3 Therefore, efficiently and effectively repairing 

corneal wounds using novel biomaterials can be a very intriguing challenge. However, applying 

engineering solutions to modify and control the biochemical and molecular properties of the 

material can allow us to develop biomaterials and therapies that can be used to treat specific 

injuries. Growing evidence demonstrates the multifunctional nature of silk fibroin based 

biomaterials and supports the use of silk fibroin protein as a novel biopolymer for tissue 

engineering and wound healing related biomedical applications.4-6 By its nature silk fibroin 

protein is an engineering grade biopolymer, which can be processed into a customized form to 

serve a specific purpose.4-6 Thus, being able to combine engineering initiatives with a strong 

understanding of the molecular biology and physiology of the corneal wound healing process, 

allows for major engineering contributions to the advancement and development of silk fibroin 

derived biomaterials for ocular surface repair. The studies presented here in this dissertation 

provide a proof of concept for the development of a novel silk fibroin derived protein solution 

that may be used as a stable eye-drop formulation that is non-invasive, does not require 

significant expertise to use, and can be utilized in any environment to simultaneously enhance 
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the regeneration of the corneal epithelium after traumatic ocular injuries, as well as provide the 

patient immediate and prolonged comfort during use. 

Corneal wound healing involves a set of highly regulated cell behaviors and an organized 

cascade of mechanisms that work together in concert to re-epithelialize the corneal surface and 

restore the functional integrity of the epithelium.7-10 The presented results highlight the direct 

chemical and biological impact of regenerated silk fibroin protein on the biological processes 

involved in corneal wound healing. Treatment with a mixture of hydrolyzed silk fibroin derived 

proteins, in a solution form, stimulated a significant increase in epithelial cell migration and 

proliferation, leading to an accelerated rate in closure of scratched cell monolayers. Epithelial 

cells treated with silk fibroin were also found to be more resistant to detachment when 

challenged by fluid shear, suggesting an increase in cell-substrate adhesive force. Increases in 

clustering of focal adhesion complexes and cell surface area, evaluated by measurements of 

vinculin expression and cell spreading, suggest that silk fibroin has profound effects on cell-

matrix interactions and re-alignment of epithelial cell cytoskeletal proteins, leading to changes in 

cell mobility and adhesion. Furthermore, the application of a silk fibroin derived ophthalmic eye-

drop formulation, accelerated the re-epithelialization of rabbit corneal epithelial abrasion 

wounds, and enhanced the restoration of cell-cell and cell-matrix adhesions during wound repair. 

These findings combined reveal the important potential benefits of silk fibroin on corneal 

epithelial wound healing and provide substantiation for the use of a silk fibroin protein solution 

for ocular surface repair applications. 

It is also well known that the bio-functional properties of silk fibroin and its versatility as 

a biomaterial arise from the chemical and molecular attributes of the silk fibroin polypeptide.11-19 

The impact that various processing regimes have on protein structure and material function have 
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been studied and it has been shown that the processing conditions used to prepare the SF material 

can influence the chemical and molecular structure of the SF protein itself, and thus significantly 

alter the material’s mechanical properties, biocompatibility, proteolytic degradability, and 

reproducibility, ultimately affecting its performance as a biomaterial.11-19 Additionally, in studies 

aimed at elucidating the molecular interactions between the fibroin protein and human cells, the 

fragmentation of the fibroin polypeptide and the subsequent purification of its water-insoluble 

‘‘crystalline’’ and water-soluble ‘‘amorphous’’ fractions, revealed that the ‘‘amorphous’’ 

fraction was superior to the ‘‘crystalline’’ one in promoting the growth of human skin 

fibroblasts.20 The findings highlighted in this dissertation also reveal that the ability of silk 

fibroin to influence corneal epithelial cell behavior and stimulate the biological processes 

involved in corneal wound healing can be further enhanced by the processing and separation of 

the silk fibroin peptide fragments based on molecular weight. Treatment with low molecular 

weight silk fibroin stimulated a significant increase in epithelial cell migration and proliferation, 

leading to an accelerated rate in closure of scratched cell monolayers, as opposed to high 

molecular weight silk which had significant inhibitory effects on cell migration and scratch 

wound closure. Additionally, cells treated with high molecular weight silk fibroin were found to 

be more resistant to detachment when challenged by fluid shear, relative to cells treated with low 

molecular weight silk, suggesting an increase in cell-substrate adhesive force. Furthermore, the 

ability of silk fibroin to stimulate the expression of genes implicated in corneal wound healing 

was evaluated, and the effect of fragment size on TGFβ expression was significant. Low 

molecular weight silk robustly increased TGFβ2 expression while high molecular weight silk 

had a significant down regulating effect. Combined with results from studies found in literature, 
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the findings in this dissertation further suggest that the wound healing properties and biological 

impact of silk fibroin likely arises from limited domains of the fibroin polypeptide.  

Overall, the findings presented in this dissertation demonstrate the potent effects of silk fibroin 

on the corneal wound healing process, as well as lay the groundwork for future research efforts 

that will be devoted to identifying defined silk fibroin-derived protein fractions that are 

optimized for enhancing the regeneration process on the ocular surface after the occurrence of 

traumatic injury. A eukaryotic linear protein motif search identifies candidate functional sites 

within the silk fibroin protein heavy chain that resemble the substrate recognition sites that 

interact with MAPK and cyclin, which are known regulators of cell migration and proliferation, 

respectively. Thus, future studies aimed at producing silk fibroin derived proteins that can be 

readily separated into defined molecular weight fractions, and then optimally selected to enhance 

wound healing using in vitro and in vivo models of ocular surface injury, will allow for the 

identification of the biologically active components of silk fibroin. Such findings will lead to the 

isolation and characterization of specific peptide sequences within the silk fibroin protein that 

modulate cell function and contribute to its wound healing effects, allowing for the smarter 

design and production of novel silk fibroin derived biomaterials that will provide the greatest 

potency to promote wound healing and provide powerful and effective therapeutics for traumatic 

injuries on the ocular surface. 
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