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Silk Fibroin as a Biomaterial Substrate for Corneal
Epithelial Cell Sheet Generation
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PURPOSE. To evaluate a silk fibroin (SF) biomaterial as a
substrate for corneal epithelial cell proliferation, differentia-
tion, and stratification in vitro compared with denuded human
amniotic membrane (AM).

METHODS. Primary human and rabbit corneal epithelial cells and
immortalized human corneal limbal epithelial cells were
cultured on the SF and denuded AM, respectively. The
biological cell behavior, including the morphology, prolifera-
tion, differentiation, and stratification, on the two substrates
was compared and analyzed.

RESULTS. Corneal epithelial cells can adhere and proliferate on
the SF and denuded AM with a cobblestone appearance,
abundant microvilli on the surface, and wide connection with
the adjacent cells. MTT assay showed that cell proliferation on
denuded AM was statistically higher than that on SF at 24 and
72 hours after plating (P ¼ 0.001 and 0.0005, respectively).
Expression of DNp63a and keratin 3/12 was detected in
primary cell cultures on the two substrates with no statistical
difference. When cultured at the air-liquid interface for 7 days,
cells on SF could form a comparable stratified graft with a 2- to
3-cell layering, which compared similarly to AM cultures.

CONCLUSIONS. SF, a novel biomaterial, could support corneal
epithelial cells to proliferate, differentiate, and stratify,
retaining the normal characteristic epithelium phenotype.
Compared with AM, its unique features, including the
transparency, ease of handling, and transfer, and inherent
freedom from disease transmission, make it a promising
substrate for corneal wound repair and tissue-engineering
purposes. (Invest Ophthalmol Vis Sci. 2012;53:4130–4138)
DOI:10.1167/iovs.12-9876

With the substantial advancement of regenerative medicine
and tissue-engineering techniques, stem cell therapy has

been successfully practiced to treat refractory ocular surface
disorders, such as limbal stem cell deficiency.1,2 To establish a

cell sheet for transplantation, a suitable substrate carrier is
required to transfer the cells from laboratory benchtop to
bedside. A series of biomaterial-based substrates have been
tested experimentally and/or clinically, such as human
amniotic membrane (AM),3–5 fibrin glue,6,7 temperature-
responsive polymers,8,9 and acellular porcine lamellar stro-
ma.10,11 Among them, human AM is the clinical standard
substrate for ocular surface repair owing to its biological
properties that inhibit inflammation, tissue scarring, and
angiogenesis.12

However, limitations regarding the use of AM exist. These
include relatively poor mechanical strength, semitransparent
appearance, difficulty of handling, and the potential risk of
disease transmission, such as human immunodeficiency virus
(HIV), hepatitis B virus, hepatitis C virus, and syphilis. To
overcome these limitations, a novel biomaterial, silk fibroin
(SF), the primary structural protein of Bombyx mori silkworm
cocoons, has been explored and tested with remarkable
progress. Previous studies have shown that SF could generate
minimal immune and inflammatory responses when implanted
within the body, and the material can be fully degraded by
naturally occurring proteolytic enzymes.13,14 We have previ-
ously shown that thin films cast from SF could support the
adherence, proliferation, and production of native matrix
when human and rabbit fibroblasts were cultured in both two-
dimensional and three-dimensional (3D) conditions, suggesting
that these SF constructs can act as scaffolding for corneal
stroma engineering purposes.15 This study sought to evaluate
the application of SF as a carrier for corneal epithelial cell sheet
generation by comparing the cell morphology, proliferation,
differentiation, and stratification on SF with that of cultures on
denuded human AM.

MATERIALS AND METHODS

Preparation of Bombyx mori SF Films

Thin SF films were produced as described with minor modifications.16–19

The Bombyx mori silk cocoons were purchased from Tajima Shoji Co.

(Yokohama, Japan), cut into small pieces, weighed, and boiled for 1

hour in distilled water containing 0.85 g of Na2CO3 for each gram of

cocoon material. After boiling, the supernatant was discarded and the

resulting fibrous material underwent three 20-minute washes in

distilled water (dH2O) and then dried in a chemical fume hood for

12 hours. The dried cocoon material was dissolved in a concentrated

solution of 9.3 M lithium bromide solution for 4 hours at 608C. The silk

solution was dialyzed against water for 48 hours with six total water

changes using a dialysis cassette with a molecular weight cutoff of 3500

Da (Slide-A-Lyzer; Pierce Biotechnology, Rockford, IL). Following

dialysis, 70 lL of the resulting 80 mg/mL silk solution was used

directly to prepare films of fibroin by evaporation from a flat

polydimethyl siloxane surface measuring 14 mm in diameter at room

temperature within a biological clean bench.20 To produce water-
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insoluble films, the fibroin samples were water-annealed within a

vacuum chamber pulled to 10 psi and filled with dH2O in the basin for

4 hours, and allowed to dry for more than 1 hour.21 Silk films were then

sterilized by heating the films at 1608C for 2 hours in glass Petri dishes.

The films were placed in the bottom of 24-well tissue culture plates

(VWR, Radnor, PA). A similarly sterilized stainless steel o-ring (Superior

Washer, Inc., Hauppauge, NY), measuring 15.4 mm in outer diameter

and 11.6 mm in inner diameter, was placed on top of each film to

stabilize the substrate and prevent film floating during culture. The film

was hydrated in PBS (VWR) overnight at 48C and, before use, PBS was

aspirated.

Preparation of Denuded Human AM

Cryopreserved human AM was obtained from the Institute of

Ophthalmology ‘‘Conde de Valenciana’’ (Mexico City, Mexico) and

stored at �808C. Before use, the AM was thawed by placing in a 378C

water bath for 20 minutes. The procedure for denuding AM was carried

out as described previously.22 Briefly, in a sterile cell culture hood,

native AM epithelium was removed by washing three times in PBS to

remove storage medium and serum, and then incubating the AM in a

125 lg/mL thermolysin (Sigma-Aldrich, St. Louis, MO) solution at room

temperature for 9 minutes. After treatment, the AM was washed in PBS

three times for 15 minutes each on a shaker to get rid of the cellular

debris. AM samples both before and after epithelial removal were fixed

with 4% paraformaldehyde solution (PFA; Electron Microscopy

Sciences, Hatfield, PA) and subjected to immunofluorescent staining

of primary antipancytokeratin antibody (AE1/AE3; Abcam, Cambridge,

MA). Additional pieces of AM were incubated in Karnovsky’s fixative

and underwent serial dehydration for scanning electron microscopic

(SEM) examination. For use as a carrier for cell culture, denuded AM

was transferred to 24-well plates with basement membrane side up

using fine forceps. The firm attachment of AM to the plates was

achieved by air-drying the AM in a cell culture hood for 30 minutes.

Preparation of Human and Rabbit Limbal
Epithelial Cells

A human corneal limbal epithelial cell line (HCLE) was generously

provided by Dr Ilene Gipson (Schepens Eye Research Institute, Harvard

Medical School, Boston, MA) and stored in liquid nitrogen. Before

seeding on the SF or AM substrates, cells were thawed and cultured for

24 to 48 hours in keratinocyte–serum-free medium (Gibco, Invitrogen

Corporation, Grand Island, NY) supplemented with 0.2 ng/mL mouse

epithelial growth factor (EGF; Invitrogen), 1% penicillin-streptomycin

(P/S; VWR), bovine pituitary extract (Invitrogen), and 0.1% CaCl2.2H2O

(Invitrogen). For preparation of primary cultures, either human limbal

rings obtained from a regional eye bank (the Eye Bank for Sight

Restoration, Inc., New York, NY) or rabbit limbal tissue harvested from

New Zealand white rabbits (Charles River Laboratories International,

Inc., Wilmington, MA), in accordance with the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research and with federal,

state, and local regulations, were processed as described below.

After careful removal of the iris, residual conjunctiva, endothelial

layer, and trabecular meshwork, the corneoscleral ring was washed in

EpiLife medium (Invitrogen) containing 1% P/S (VWR) and 0.1%

Fungizone (Invitrogen) for 20 minutes, divided into quadrants 1 3 1

mm in size and placed on a 6-well cell culture plate (VWR) precoated

with 50 lg/mL collagen I (BD Biosciences, Bedford, MA) with

epithelium side down and incubated at 378C and 5% CO2 for 20

minutes. One drop of EpiLife medium supplemented with 1% human

keratinocyte growth supplement (Invitrogen), with 1% P/S (VWR), 5%

fetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA), 10

lg/mL mouse EGF (Invitrogen), and 10�10 M cholera toxin A (Sigma-

Aldrich) was added to each explant and cultured overnight in the

incubator. The next day, 1 mL of complete EpiLife culture medium was

added and the medium was changed every 3 days until 80% confluence

was achieved. For subculture, cells were washed with Dulbecco’s PBS

(VWR) twice and digested with TrypLE Express (Invitrogen) at 378C for

12 minutes. A single cell suspension at a density of 2 3 104 cells/cm2

were seeded on SF and AM and cultured for 48 to 72 hours before they

were collected and subjected to the following analysis.

Light Microscopy

Cell cultures were observed with a Carl Zeiss AxioVision Microscope

(Carl Zeiss Microimaging GmbH, Jena, Germany) daily. Images were

taken with an Observer Z1 fluorescent microscope (Carl Zeiss, AG) at

310 (NA 0.45 air) objective lens using a 1.6 Optivar optic. An AxioCam

HRm digital camera (Carl Zeiss) and AxioVision software (Carl Zeiss)

were used to capture phase-contrast images of cultures.

Scanning Electron Microscopy

Denuded AM and cell sheets constructed on SF and AM were fixed in

400 lL of Karnovsky’s fixative for 45 minutes at room temperature and

washed in PBS three times. Afterwards the samples were dehydrated in

a graded series of ethanol (50%, 80%, 90%, and 100%; VWR), for 7

minutes respectively. Samples were then further dried using hexam-

ethyldisiloxane (HMDS; Sigma-Aldrich) solvent to remove residual

water saturation for 2 minutes and then allowed to dry for 2 hours in a

desiccator.23 After HMDS processing, samples were sputter coated with

gold for 90 seconds, leaving an approximate 2-nm coating on the

samples. Films were then imaged using a Quanta 600 environmental

chamber SEM (FEI, Inc., Hillsboro, OR).

Immunofluorescent Staining

Both intact and denuded AM, cell cultures on SF and AM were fixed

with 4% PFA (Electron Microscopy Sciences) for 15 minutes, whereas

for p63 staining, samples were fixed with methanol (VWR) at�208C for

10 minutes. After three washes in PBS for 5 minutes each, samples

were blocked and permeabilized with solution containing 1% BSA

(Sigma-Aldrich), 0.25% Triton X-100 (EMD Chemicals, Darmstadt,

Germany), and 2.5% donkey serum (Abcam) in PBS for 50 minutes.

Primary monoclonal antibodies recognizing keratin 3/12 (K3/12,

1:100; Abcam), DNp63a (1:200, Cell Signaling Technology, Inc.

Danvers, MA) for human corneal epithelial cells (HCECs), and

pancytokeratin (AE1/AE3, 1:100, Abcam) for intact AM samples were

applied and incubated overnight at 48C. After extensive washing,

secondary antibodies were then incubated for 1 hour using appropriate

isotype-matched nonspecific IgG as controls. Samples were mounted

with VECTASHIELD mounting medium with 40,6-diamidino-2-phenyl-

indole (DAPI) (Vector Laboratories, Burlingame, CA). Images were

acquired using an Observer Z1 fluorescent microscope (Carl Zeiss, AG)

with both 310 (NA 0.45 air) and 363 (NA 1.4 oil) objective lenses using

a 1.6 Optivar optic. An AxioCam HRm digital camera (Carl Zeiss) and

AxioVision 4.0 software (Carl Zeiss) was used to capture single and z-

stack images (10–25-layer range) at 0.25-lm slices using DAPI, Green

fluorescent protein (GFP) and Texas Red filter channels. The

percentage of K3/12 and DNp63a expression in the primary cells on

SF and denuded AM was compared and analyzed.

Cell Proliferation

Primary rabbit corneal epithelial cells (RCECs) were seeded on SF and

denuded AM (n¼ 3) at a cell density of 2 3 104 cells/cm2 in a 24-well

plate (VWR). The cultures were collected for MTT assay 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide at 24, 48, 72,

and 144 hours after seeding, following manufacturer instructions.

Briefly, 50 lL of MTT stock solution (5 mg/mL; Invitrogen) was added to

the cultures containing 500 lL of fresh medium and incubated at 378C

for 4 hours in the dark. After the medium was aspirated, 200 lL of

dimethyl sulfoxide (Sigma-Aldrich) was added and mixed thoroughly to

release the formazan; 100 lL of the resultant solution was transferred

into clear 96-well plates (VWR), and the absorbance was recorded at
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540 nm using a Biomek plate reader (Beckman Coulter, Brea, CA). Wells

containing SF and AM without cells culturing were set up as negative

controls.

Cell Stratification

Primary RCECs were seeded at a density of 5 3 104 cells/cm2 on SF and

denuded AM placed on the Transwell inserts fitted for 12-well plates

(Corning, Lowell, MA) and cocultured with mitomycin C (Sigma-

Aldrich)–treated NIH 3T3 cells at the bottom. After confluence,

epithelial cells were cultured in an air-liquid interface for 1 week.

Samples were collected and fixed with 4% PFA (Electron Microscopy

Sciences) for 15 minutes. F-actin filaments were stained with Alexa

Fluor 488 phalloidin (Invitrogen) and the cell nucleus with DAPI

(Invitrogen), following the manufacturer instructions. Before imaging,

slides were mounted with VECTASHIELD Mounting Medium with DAPI

(Vector Laboratories).

Fluorescent images of f-actin formation were taken using an

Observer Z1 fluorescent microscope (Carl Zeiss, AG) with a 363 (NA

1.4 oil) objective lens. An AxioCam HRm digital camera (Carl Zeiss) and

AxioVision software (Carl Zeiss) were used to capture z-stack images

(20–60-layer range) at 0.200-lm slices using DAPI and Texas Red filter

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

Huygens Deconvolution Software (Scientific Volume Imaging BV,

Hilversum, The Netherlands). A total of 40 iterations were performed

using the software’s Classic Maximum Likelihood Estimation algorithm

for each z-stack. All other settings were left at manufacturer default

settings. Images were produced using both maximum intensity

projection (MIP) and surface-rendering settings. MIP threshold levels

were set at the default manufacturer settings, whereas surface-

rendering threshold was set to match MIP image signal localization

and intensity.

Statistics

All data were presented as sample set mean 6 SD calculated for each

group and compared using Student’s unpaired t-test by Microsoft Excel

(Microsoft Corporation, Redmond, WA). Test results were reported as

two-tailed P values, where P less than 0.05 was considered statistically

significant.

RESULTS

Features of SF

Transparent circular SF films were made with 14-mm diameters
and around a 40-lm axial thickness. After water-anneal
processing was performed, the SF was nondissolvable in
culture medium and PBS. The SF was sterilized by heating the
samples at 1608C for 2 hours. The shape and physical
properties remained stable after the annealing and sterilization
processes. The thin transparent SF film was easy to handle
when grabbed with fine forceps. The mechanical strength was
enough for in vitro culture and transfer.

Characteristics of Denuded AM

Before thermolysin treatment, uniform staining of pankeratin
recognizing the cytoskeleton of cells was observed within the
entire amniotic epithelial layer (Fig. 1A). In contrast, after
treatment, only residual cellular debris on the basement
membrane stained by pankeratin can be observed (Fig. 1B).
SEM results confirmed the total removal of the epithelial cells
with intact basement membranes (Figs. 1C, 1D), which is
consistent with previous findings.22 Denuded AM showed a
semitransparent appearance and the tendency of sticking
together when lifted by two fine forceps (Figs. 2A, 2B). An
Ultracell surgical sponge (Aspen Surgical, Caledonia, MI) was

used to distinguish the orientation of the denuded AM, as the
adherent side indicated the stroma presence. After air-drying,
AM with basement membrane side up could firmly attach to
either cell culture plate or Transwell insert; no detachment was
observed during the subsequent cell culture. In contrast, silk
film materials appeared transparent and also extremely
handleable even after wetting (Figs. 2C, 2D).

Morphology of Corneal Epithelial Cells on SF
and AM

Corneal epithelial cell cultures from all three donor sources
could adhere and proliferate on SF (Figs. 3A–C) and denuded
AM (Figs. 3D–F) with a polygonal appearance under phase-
contrast microscope. Abundant microvilli on the cell surface
and wide junction with the neighbor cells can be viewed under
SEM (Figs. 3G–L). Primary corneal epithelial cells tended to
form clusters and small colonies when seeded on SF at a low
cell density, whereas were randomly distributed on denuded
AM. No significant difference of cell morphology was observed
in HCLE cultures on SF and AM. No significant toxic response
to cells grown on either SF or AM, such as cell shrinkage,
intracellular vacuole, detachment from the substrate, and cell
death were observed during the culture process.

Cell Proliferation on SF and Denuded AM

To expand cells ex vivo on AM, the epithelial cells must be
removed, or denuded, from the culturing surface. This
enhances cell adherence through the formation of strong
integrin-based adhesion complexes with the basement mem-
brane.22 In 2008, Hopkinson et al.22 first reported a protocol
for denuding amniotic epithelial layer with thermolysin
treatment, which was successfully used in this study. The vast
majority of RCECs adhered to the two substrates after 8 hours
post seeding, and cell density continued to increase 1 and 6
days after cell seeding on both SF (Figs. 4A, 4C) and AM (Figs.
4B, 4D). MTT assays showed that the values of light absorbance
of cells grown showed that the number of cells on denuded
AM at 24 and 72 hours post seeding were significantly higher
(P ¼ 0.001) than that of cells on SF (Fig. 4E). Logarithmic
growth of cells on the AM and SF was observed at 48 (AM) and
72 (SF) hours after plating, respectively. No statistical
difference was observed among the negative controls, suggest-
ing the material itself did not affect MTT absorbance
significantly.

Cell Differentiation on SF and Denuded AM

Immunofluorescence detection revealed that HCECs grown on
SF and AM contained K3/12-positive (Figs. 5A–D) and DNp63a-
positive (Figs. 5F–I) cells, indicating that there was a mixture of
cell populations undergoing variable degrees of differentiation.
There were slight changes of protein expression between P1
and P2 cells on the same substrate (Figs. 5E, 5J), reflecting the
dynamics of cell proliferation and differentiation; however, no
significant difference was found between SF and AM for the
two markers.

Cell Sheets Generated on SF and Denuded AM

Stratified RCEC actin and nuclear structures were imaged on
the both SF and AM substrates using spinning-disk confocal
microscopy, and then reconstructed z-stacks were decon-
volved to provide cross-sectional images of the stratified cells.
The fluorescent images provided a 3D histological image of the
multilayer stratified epithelial cell sheet structure, and repre-
sents the first known fluorescent images of their kind viewing
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epithelial stratification on silk film substrates (Fig. 6). Both
substrates can support two to three layers of RCECs stratified
and differentiated within 1 week of air-liquid interface culture.
No significant stratified pattern was detected between cell
sheets on SF and denuded AM. In addition, the natural
autofluorescent signature exhibited by the silk film could be
imaged, and demonstrated that the stratified cultures were well
adhered to the substrate surface.

DISCUSSION

In this study, SF films cast from Bombyx mori silkworm
proteins were evaluated as a substrate for cell sheet generation
and compared with the current clinical standard, denuded AM.
Our results demonstrated that SF supports the growth of both
primary and immortalized corneal epithelial cells. Cells grown
on SF maintained corneal epithelial morphology, proliferative
ability, and normal cell differentiation. Stratified epithelial cell
sheets were generated on SF with similar structure as cultures
on denuded AM. Our study confirmed that SF could serve as a
promising alternative to AM for corneal regeneration and tissue
engineering applications.

Increased investigation of novel biomaterials for regenera-
tive medicine and tissue engineering in ophthalmology is
required to enhance the physician’s ability to address clinical
problems not currently served by the current state of the art in

biomaterial technology. Specifically, when referring to corneal
regeneration, an ideal scaffold should have the following
properties: (1) biocompatible material with nontoxic degrada-
tion byproducts; (2) free from disease transmission; (3) suitable
for promoting cell growth and native tissue development; (4)
transparent; (5) suitable mechanical properties; (6) modifiable
for tissue growth in three dimensions; (7) modifiable shape and
size to fit the corneal curvature or tissue defect; (8) available as
a sterile product without compromising material properties;
and (9) possess potential for the combination with a drug or
gene delivery application.

Currently, human AM is the standard substrate for ex vivo
expansion of corneal epithelial cells for transplantation and
clinical applications in ocular surface reconstruction. AM has
been used as a temporary bandage or a permanent basement
membrane due to inherent anti-inflammatory, anti-angiogenic,
and anti-scarring properties.12,24 Although AM meets the
criteria of (1), (2), (7), and (8) above, the material has many
limitations. AM has relatively poor mechanical properties, as it
may tear during clinical procedure owing to material fragility.25

AM also has the tendency of curling and wrinkling when lifted
with forceps or even tearing if it is not properly procured,
which creates difficulty in handling and transferring the
material during a clinical procedure. There is also the
inclination of premature material melting or dissolution in
eyes owing to extensive proteolytic activity with cases of
severe inflammation.26,27 In addition, early detachment of the

FIGURE 1. Denudation of cryopreserved amniotic membrane. AM with intact epithelium was illustrated by antipancytokeratin staining (green) (A)
before thermolysin treatment and (B) after treatment. Cell nuclei were counterstained with DAPI (blue). SEM images of denuded AM showing the
(C) denuded basement membrane and (D) a high-magnification image of the individual fibers on the stromal layer.
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AM from the surgical site is problematic, along with the
material’s inherent opacity, which may interfere with the
patient’s vision. There is also the potential risk of disease
transmission, and AM is required to be screened for potential
infectious diseases, such as HIV, hepatitis B, and syphilis before
implantation.

To circumvent these drawbacks, exploration of novel
biomaterials is under way with promising progress. SF purified
from Bombyx mori silkworm cocoons has been shown to be
biocompatible and elicit a minimal inflammation response on
implantation.14 The use of SF has been most intensely
investigated in the fields of bone,19,28,29 cartilage,30–32 and
connective tissue engineering.33,34

In this study, corneal epithelial cells were found to adhere
to SF film and proliferate after plating without any detectable
morphological difference when compared with denuded AM.
No cytotoxic response or inhibition of cell growth was
observed in the SF cultures, which indicates high biocompat-
ibility of SF biomaterial to corneal epithelial cells. SF possesses
reasonable tensile strength and was easy to handle and transfer.
Furthermore, silk film with different curvatures can be
manufactured and in vivo assessment of the fitness in rabbit
eyes is ongoing in our study (data not shown). In addition, it is
highly transparent and may be better suited for vision
restoration than semitransparent AM. SF was easily sterilized
using heat treatment and then stored at room temperature,

which is also advantageous over the temperature-sensitive AM,
which cannot be as easily sterilized and must be stored at
�808C.

Cell proliferation of RCECs on SF showed a delayed entry
into growth phase when compared with AM, which may be
because of the enhancement of cell proliferation through
inherent growth factors known to be naturally present (i.e.,
EGF and keratocyte growth factor).12,35 In addition, previous
studies have shown up to a 6-fold increase in the number of
attached cells on denuded AM compared with SF film and
tissue culture plates, indicating the superiority of AM in
promoting cell adherence and proliferation.36 This may be due
to the naturally occurring structural proteins, such as laminin
and type VII collagen of the AM basement membrane, which
may promote enhanced cell adhesion.12,37

Corneal epithelial cells retained the normal phenotype and
differentiation properties when cultured on SF films, as
demonstrated by the progenitor cell marker DNp63a38 and
differentiation marker K3/12 expression.39 No statistical
change in protein expression pattern was observed when cells
on SF were passaged after reaching confluence. Although it has
been reported that denuded AM can facilitate corneal epithelial
cell differentiation compared with intact AM,40,41 the percent-
age of DNp63a-positive cells in both first and second and
passage cultures were comparable in this study. When

FIGURE 2. Gross images showed that denuded AM spread on the tissue culture plates was (A) semitransparent, and (B) prone to fold and then
adhere together when it was lifted by two forceps. Silk film was (C) highly transparent and (D) maintained shape when handled.
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compared between SF and AM, the status of cell differentiation
was parallel with no significant difference.

Stratified corneal epithelial cells sheets were successfully
constructed on both SF and AM when cultured at an air-liquid
interface for 1 week. The structure of cell sheets on two
substrates was similar, with compact columnar cells on the
basal layer with more squamous cells present on the apical
layer. However, constructs on AM generally displayed more
stratified layers (3–4 layers versus 2–3 layers on SF), which was

consistent with what had been previously observed.36

However, robust stratification of rabbit corneal epithelial cells
on fibroin was observed using porous silk film–coated
chambers and a 3T3 feeder cell layer.42

In this study, the finer cytoskeletal architecture of the
stratified epithelium was revealed through the use of
fluorescent microscopy and image-processing software. This
method proved useful in producing cross-sectional images that
could provide greater insight into cellular components than

FIGURE 3. Phase-contrast images of corneal epithelial cells cultured on (A–C) SF and (D–F) AM showing comparable cell morphology; SEM images
of corneal epithelial cells on (G–I) SF and (J–L) AM by using three different cell sources: (A, D, G, J) RCEC, (B, E, H, K) HCEC, and (C, F, I, L) HCLE
demonstrating a high level of cell anchor point to the film surface, abundance of microvilli on the cell surface, and prevalent contacts between
adjacent cells.
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FIGURE 4. (A–D) MTT stained at days 1 and 6 in culture for RCEC cells grown on (A, C) SF and (B, D) AM. (E) At day 1 and day 3, cells cultured on
AM had a statistically higher cell viability and proliferation as compared with SF (*P < 0.05, n ¼ 4, error bars ¼ SD).

FIGURE 5. Immunofluorescent staining of HCECs cultured on (A, B) SF and (C, D) AM. Primary corneal epithelial cells underwent differentiation
with subsequent passaging from (A, C) P1 and (B, D) P2, as demonstrated by CK3 expression (green). Immunofluorescent staining of HCECs
cultured on (F, G) SF and (H, I) AM. Primary corneal epithelial cells underwent differentiation with subsequent passaging from (F, H) P1 and (G, I)
P2, as demonstrated by p63a expression (red). No significant difference regarding the percentage expression of (E) K3 and (J) P63a proteins for
cells grown on two substrates at passage 1 and 2 in culture was detected.
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what standard histology techniques will allow. In addition, the
natural autofluorescent signature of the silk film allows for
basal layer visualization and allows one to image cell
attachment to the substrate surface. Future studies will
continue using such imaging techniques to better observe cell
structure–localized expression within the cell and at the
attachment surface.

CONCLUSIONS

The feasibility of using Bombyx mori silk fibroin film as a
substrate to support human and rabbit corneal epithelial cell
proliferation, differentiation, and stratification was demonstrat-
ed. Further investigations into various modifications of silk film
surface are under way to better understand how such
alterations may affect cellular orientation, cell adherence,
differentiation, and enhance soluble factor release or gene
delivery for a given cell culture. Such insights will continue to
lead to new understanding with the expectation of enhancing
the ability to translate these naturally regenerative materials
into clinical medicine.
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