
Optically Clear Silk Fibroin Films with Tunable Properties for
Potential Corneal Tissue Engineering Applications: A
Process−Property−Function Relationship Study
Maya Beena, Jimna Mohamed Ameer, and Naresh Kasoju*

Cite This: ACS Omega 2022, 7, 29634−29646 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Owing to the shortage of donor corneas and issues associated with
conventional corneal transplantation, corneal tissue engineering has emerged as a
promising therapeutic alternative. Biocompatibility and other attractive features
make silk fibroin a biomaterial of choice for corneal tissue engineering
applications. The current study presents three modes of silk fibroin film
fabrication by solvent casting with popular solvents, viz. aqueous (aq), formic
acid (FA), and hexafluoroisopropanol (HFIP), followed by three standard modes
of postfabrication annealing with water vapor, methanol vapor, and steam, and
systematic characterization studies including corneal cell culture in vitro. The
results indicated that silk fibroin films made from aq, FA, and HFIP solvents had
surface roughness (Rq) of 1.39, 0.32, and 0.13, contact angles of 73°, 85°, and
89°, water uptake% of 58, 29, and 27%, swelling ratios of 1.58, 1.3, and 1.28, and
water vapor transmission% of 39, 26, and 22%, respectively. The degradation rate was in the order of aq > HF > FA, whereas the
tensile strength was in the order of aq < HF < FA. Further, the results of the annealing process indicated notable changes in morpho-
topographical, physical, degradation, and tensile properties. However, the films showed no detectable changes in chemical
composition and remained optically clear with >90% transmission in the visible range, irrespective of fabrication and postfabrication
processing conditions. The films were noncytotoxic against L929 cells and were cytocompatible with rabbit cornea-derived SIRC
cells in vitro. The study demonstrated the potential of fine-tuning various properties of silk fibroin films by varying the fabrication
and postfabrication processing conditions.

1. INTRODUCTION
Corneal tissue engineering is becoming an attractive
therapeutic alternative toward corneal regeneration. Different
biomaterials are being tested in vitro, in vivo, and in clinical
studies; however, the loss of transparency and lack of strength
are some of the bottlenecks in clinical success.1 Efforts are
made across the globe to find effective biomaterials for
clinically compliant corneal equivalents. Among them, silk
fibroin (SF)-based biomaterials are getting attention in recent
times owing to the various advantages, viz. abundance
availability, amenability of processing in aqueous and organic
solvents, attractive chemistry for functionalization, ease of
developing various forms of articles like films and porous
sponges, proven biocompatibility with low immunogenic
reaction, tunable mechanical and degradation properties, and
excellent optical properties.2−6 SF from Bombyx mori consists
of three protein subunits, viz. a heavy chain of about 350 kDa,
a light chain of about 26 kDa, and glycoprotein P25 of about
30 kDa.7 The design feature of the silk domain includes N-
terminal and C-terminal peptide domains with repetitive
sequences in between. The central core of the SF sequence
is composed of 12 repetitive hydrophobic regions made up of

amino acids such as Gly-Ala-Gly-Ala-Gly-Ser/Tyr (GAGAGS/
Y) and GAAS tetramers at the terminus and 11 interspersed
amorphous regions rich in Gly. Apart from obtaining a pure
form of SF with ease of processing, the abundant availability
across various parts of the globe made SF a biomaterial of
choice for various biomedical applications.8

SF can be fabricated into a variety of forms, viz. films,
hydrogels, porous sponges, and micro/nanofibrous matri-
ces.2,9,10 Depending on the process, the parameters involved
would strongly influence the properties of the resultant
product. For instance, Tamada reported a new process of
fabricating SF porous sponges by freeze-thawing of fibroin
aqueous solution in the presence of a small amount of an
organic solvent.11 It was demonstrated that the solvent type,
fibroin concentration, freezing temperature, and time influ-
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enced the sponge fabrication and its porosity as well as
mechanical properties. In a similar study, Kasoju et al. reported
the preparation of SF hydrogel by nonsolvent-induced phase
separation.12 It was described that the concentration of
nonsolvent influenced the gelation time, pore properties, and
secondary structural content of resultant SF hydrogel. Bray et
al. evaluated silk films for use in repairing the cornea after
injury due to their transparent nature and a high degree of
biocompatibility.13 They found excellent transmission % and
transparency for silk films. Postfabrication processes are usually
done to enhance the properties of resultant SF products.
Typically, they are performed to modulate the β-sheet
structure of silk in the products to fine-tune properties such
as stiffness and degradation. It was reported that high β-sheet
content provides high tensile strength and low degradation
rate. For instance, Lu et al. performed postfabrication
processing of silk films by methanol and water annealing and
found that the methanol treatment induced more β-sheet
formation and therefore reduced biodegradation of films.14

A tremendous amount of exploratory research was recorded
in the literature in the field of silk-based biomaterials. Given
their extraordinary properties as a biomaterial, the ease of
processing, availability around the year, and relatively less
expensive nature have made them a biomaterial of choice for
many in the field in general. SF films can be readily made by a
simple solvent casting approach. A range of studies have
reported the preparation of SF films with a variety of process
parameters; however, a systematic process−property−function
relationship analysis comparing widely used solvents and
annealing conditions could be interesting. To this end, we
formulated the current study with a hypothesis that SF, when
processed into films, following various fabrication and
postfabrication treatments, shows variations in morpho-
topological, physico-chemical, optical, and biological properties
of SF films in the context of corneal tissue engineering.
Accordingly, we designed the study involving three modes of
fabrication by solvent casting with popular solvents, viz.
aqueous (aq), formic acid (FA), and hexafluoroisopropanol
(HFIP) solvents, followed by three popular modes of
postfabrication annealing with water vapor (H2O), methanol
vapor (MeOH), and steam. We performed systematic
characterization studies including cell culture studies with
model corneal cells in vitro and investigated the process−
property−function relationship.

2. MATERIALS AND METHODS
2.1. Materials. Domesticated B. mori silk cocoons were

obtained from a local farmer based in Palakkad, Kerala, India.
Lithium bromide, sodium carbonate, formic acid (≥96%),
sodium azide, dialysis bag (molecular weight cut-off, 12−14
kDa), sodium hydroxide, paraformaldehyde, and protease
(type XIV from Streptomyces griseus, ≥3.5 units/mg) were
purchased from Sigma-Aldrich, India. 1,1,1,3,3,3-Hexafluoro-2-
isopropanol (98%) and methanol were purchased from
Spectrochem, India. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum, penicillin−streptomycin,
trypsin, Alamar blue, Hoechst, and rhodamine-phalloidin
were bought from Thermo Fisher, India. The MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) reagent and
phosphate-buffered saline (PBS) powder were obtained from
Hi-Media, India. L929 (mouse subcutaneous connective
fibroblasts) cells were purchased from American Type Culture
Collection, USA, and SIRC (Statens Serum Institut Rabbit

Cornea) cells were obtained from National Centre for Cell
Science, Pune, India.
2.2. Preparation of Silk Fibroin Films. The cocoons

were processed to yield aqueous reconstituted SF as per
Rockwood et al.15 Briefly, to remove the sericin, 5 g of B. mori
cocoons was degummed by boiling for 30 min in 2 L of 0.02 M
sodium carbonate solution and then rinsed with ultrapure
water several times. Subsequently, 2 g of degummed SF fibers
was dissolved in 8 mL of 9.3 M lithium bromide solution set at
60 °C for 4 h. The mixture was then dialyzed against ultrapure
water for 48 h with at least six intermittent water changes. The
resultant solution was subjected to centrifugation (Hermle,
Type Z326 K, Germany) at 5000 rpm for 15 min to remove
any insoluble matter. The aqueous SF solution was either used
as such for aqueous solvent-based processing of films or
subjected to freeze-drying in a lyophilizer (Christ Alpha 1-4
LD, Germany) at −50 °C for 24 h to yield the SF sponge,
which was then used for non-aqueous solvent-based processing
of films.

Subsequently, SF films were fabricated by the solvent casting
approach using three different solvents, viz. aq, HFIP, and FA
solvents. For preparing aq films, after aqueous reconstitution,
the concentration of SF solution was determined and adjusted
to 5% (w/v). For preparing HFIP and FA films, the SF sponge,
obtained after the lyophilization process, was dissolved in
HFIP and FA solvents, respectively, to prepare a solution of 5%
(w/v). Then, 2.5 mL of SF solution was poured into a clean 35
mm Petri dish and was kept in a 37 °C mini-incubator
(Labnet, US) for overnight drying. After ensuring complete
drying, SF films were further subjected to postfabrication
processing, i.e., annealing in three different conditions, viz.
water vapor (H2O), methanol vapor (MeOH), and steam. For
this purpose, the SF films were placed in a Petri dish kept
inside a wide-mouth beaker filled with water or methanol. The
chamber was tightly covered with a cling film to restrict vapors
from escaping and kept in a mini-incubator set at 37 °C for 24
h. As for steam annealing, the films were autoclaved according
to standard conditions. Subsequently, the SF films were
carefully collected, air-dried, and stored in a desiccator until
further characterization.
2.3. Characterization of Silk Fibroin Films. 2.3.1. Mor-

pho-Topographical Properties. The morphological features of
SF films, prepared in three solvents and subjected to an
annealing process in three environments, were analyzed
through scanning electron microscopy (SEM, FEI Quanta
200). For this purpose, the films were first subjected to gold
sputtering for 3 min at a voltage of 20 kV in a sputter coating
machine (Hitachi E 101, Japan). Images at 5000× magnifica-
tion were captured, where at least three samples were analyzed
and a representative picture was presented. Further, to find the
effect of process parameters on topographical properties in
quantitative terms, we have performed surface profilometry of
the films using a surface profilometer (Taylor Hobson
Precision Talysurf CLI 1000). At least three samples were
analyzed, and the root mean square roughness values (Rq)
were presented as averaged values.

2.3.2. Physical Properties. Surface wettability is one of the
important criteria for any biomaterial candidate. Typically, this
is analyzed by contact angle measurement. In this study, static
contact angles of SF films, processed under different
fabrication and postfabrication conditions, were measured by
the sessile drop method in a computer-controlled goniometer
(OCA 20, Data Physics). Briefly, a droplet of 10 μL of distilled
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water was dropped onto the surface of the sample, the image
was captured within 5 s, and the contact angle was measured
using the software supplied with the machine.

Apart from surface wettability properties, it is also important
to assess how much water the SF films can hold, thereby how
much they swell, and what are the effects of process parameters
on such properties. For this purpose, SF films with
predetermined weight were immersed in 5 mL of ultrapure
water at 37 °C for 24 h. Subsequently, the films were collected
and gently wiped with tissue paper and the wet weight of the
films was measured. The water uptake capacity and swelling
ratio were calculated as per eqs 1 and 2, respectively, wherein
Ws denotes the swollen weight of the sample and Wd denotes
the dry weight of the sample.

= ×
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ
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W W
W

water uptake (%)
( )

100s d

s (1)

= W
W

swelling ratio s

d (2)

Water vapor transmission (WVT) is another critical
parameter for biomaterials. Here, the effect of process
parameters on the WVT of SF films was analyzed as per
earlier protocol with slight modification.16 Briefly, SF films
were cut out to fit into a vented cap of vials filled with 1 mL of
water. The initial weight of the assembled vials was recorded,
and then the setup was kept at 37 °C for 24 h. Vials fitted with
a plastic film (OHP sheet) and vials with an open cap were
considered as controls for comparison purposes. WVT was
calculated as per eqs 3 and 4, where the area of the vent was
0.28 cm2 and the time of the study was 24 h.

=
×

WVT rate
initial weight final weight

area time (3)

= ×
i
k
jjjjj

y
{
zzzzzWVT%

WVT of test film
WVT of open system

100
(4)

2.3.3. Chemical/Structural Properties. To assess the effects
of process parameters on chemical composition as well as
structural features of SF films, we have performed Fourier
transform infrared spectroscopy−attenuated total reflectance
(ATR-FTIR) spectroscopy. For this purpose, the SF films
prepared with different processing conditions were placed on
the sample trough and scanned in the range of 4000 to 400
cm−1 wavenumber in an ATR-FTIR spectroscope (Nicolet
5700, Nicolet Inc., Madison, USA). The spectra were taken at
a resolution of 1 cm−1, and 32 scans per sample were evaluated.
While the full spectrum was analyzed for potential changes in
chemical composition due to processing, the spectrum from
1700 to 1600 cm−1 was analyzed to get insights into structural
features. The spectra of degummed silk fiber and aqueous
reconstituted SF were also recorded for comparison purposes.

2.3.4. Mechanical Properties. Silk materials are known for
their tough mechanical properties. To understand the influence
of fabrication and postfabrication processing, the SF films were
subjected to tensile testing in a UTM Instron 3345 testing
machine equipped with a 100 N capacity load cell and
pneumatic clamps. For this purpose, the silk films were cast in
a 90 mm Petri dish, and the films were subsequently cut into
strips of 6 × 5 cm dimensions using a razor blade. Care was
taken not to introduce any cracks along the edges while cutting
the samples. Before testing, the films were hydrated in PBS for

10 min. They were blotted in-between tissue paper to remove
excess water, and the samples were loaded onto the testing
machine. A displacement control mode was used, with a
crosshead displacement rate of 10 mm/min. The measured
width of the gauge region of the slat was multiplied by the
specimen thickness to convert load data to tensile stress values.
The initial linear elastic modulus, elongation at break, and
ultimate tensile strength were calculated from stress/strain
plots.

2.3.5. Optical Properties. Optical clarity and transparency
are the top most important qualifying criteria for any artificial
or bioartificial corneal substitutes. The optical properties of SF
films prepared by different processing conditions were
determined by following three approaches: first, by visual
inspection, second, by analyzing the absorbance spectra
ranging from the UV spectrum to the visible spectrum, and
third, by determining transmission (T%).

As for the absorption spectra and T%, SF films prepared by
different processing conditions were cut out into 4 mm sizes
and were placed into wells of 96-well plates. The absorbance
spectrum was read for each sample in the UV−visible range
from 200 to 700 nm in a multiwell plate reader (Biotech,
USA). Subsequently, samples were wetted with 100 μL of
ultrapure water and incubated at room temperature for 5 h.
Water was removed from the wells completely, and the spectra
were read again in the plate reader for the same spectral range.
Subsequently, the absorbance values at 250, 300, 350, and 500
nm that are representative of UV-C, UV-B, UV-A, and visible
spectra, respectively, were used to calculate the T% following
eq 5.

=transmission% 10(2 absorbance) (5)

Additionally, a 4 week-long study was performed in
simulated tear fluid (STF) to track changes in optical
properties of SF films both in dry and wet states.17 For this
purpose, SF films, prepared by different processing conditions,
were taken and placed in a 96-well plate. Then, 100 μL of
freshly prepared STF was added to each sample and was
incubated at 37 °C. Subsequently, at weeks 1, 2, 3, and 4, the
absorbance of each sample was recorded at 250, 300, 350, and
500 nm in a multiwell plate reader. The T% was calculated
following eq 5, and the data were compared as a function of
time.

2.3.6. Degradation Properties. Bioresorbability is a critical
parameter for any biomaterial for potential applications in
tissue engineering. In the current study, we have analyzed the
degradation profile of SF films in a protease solution. Films
incubated in STF and PBS were considered for comparison
purposes. Briefly, SF films (about 1 × 2 cm long) were
immersed in 1 mL of protease XIV (1 U/mL in PBS), STF, or
PBS (all three solutions were supplemented with 0.2% w/v
sodium azide to prevent any contamination) and the vials were
incubated at 37 °C for 24 h. The weight of the films was
recorded and this was considered as the initial weight.
Subsequently, the films were suspended in fresh fluid and
the samples were incubated at 37 °C. The films were collected
and weighed at weeks 1, 2, 3, and 4; each time, fresh fluid was
replaced. Weight loss % was calculated using eq 6.

= ×
Ä

Ç
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weight loss (%)
initial weight final weight

initial weight
100

(6)
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2.4. Cell Culture Studies. 2.4.1. Cytotoxicity. As per ISO
10993, cytotoxicity assay is a mandatory test to be performed
for any biomaterial intended for clinical use for any duration
and nature of the contact.18−22 An extract test is performed to
determine the cytotoxic effects of a leachable or extract from a
material incubated in culture medium or other suitable media.
Briefly, on day 1, the test material (SF film) with a surface area
of 6 cm2 was incubated in 1 mL of serum-containing DMEM
culture medium at 37 °C and 100 rpm for 24 h. Meanwhile,
exponentially proliferating L929 cells at about 1 × 104 cells
were seeded per well in a 96-well culture plate and incubated in
a CO2 incubator set at 37 °C for 24 h. Subsequently, on day 2,
spent medium from the L929-seeded culture plate was
removed, and 100 μL of serum-supplemented culture medium
containing with an SF film leachable was added to test wells.
The wells fed with culture medium containing dilute phenol
(0.13% w/v) and the wells fed with culture medium alone were
considered as cytotoxic and noncytotoxic controls, respec-
tively. The culture plate was then incubated back in a CO2
incubator set at 37 °C for 24 h. Then, on day 3, the cell
morphology was photographed, the cells were subjected to
MTT assay as per standard protocol, and the metabolic activity
(%) was calculated using eq 7.

= ×cell viability (%)
absorbance of samples

absorbance of cell control
100

(7)

2.4.2. Cytocompatibility with Corneal Cells. Finally, to
evaluate the feasibility of SF films for potential applications in
corneal tissue engineering, we have performed cell culture
studies with the rabbit corneal cell line SIRC. The SIRC cells
show mixed fibroblast−epithelial characteristics, yet they were
a well-studied cell line for several in vitro studies on corneal
physiology, drug screening, toxicological testing, and be-
yond.23−25 For the cytocompatibility test, SF films prepared
from aq, HFIP, and FA approaches were punched into 8 mm
circular discs, clipped to cell culture inserts suitable for 24-well
plates (Cell Crown, Corning), and sterilized by the ETO
(ethylene oxide) method. Before use, each film clipped onto
the insert was rinsed twice with PBS and then with medium
once. They were then presaturated with fresh DMEM with
serum overnight in a CO2 incubator. Subsequently, the SIRC
cell suspension containing about 10,000 cells was seeded onto
the top chamber of the inserts and was cultured for 7 days. The
same number of cells seeded on 24-well cell culture plates was
considered as a control. The cell viability on day 7 was
determined by Alamar blue assay as per manufacturer’s
protocol using eq 8, where O1 is the molar extinction
coefficient (E) of oxidized Alamar blue at 570 nm (80,586),
O2 is the E of oxidized Alamar blue at 600 nm (117,216), A1
is the absorbance of test wells at 570 nm, A2 is the absorbance
of test wells at 600 nm, P1 is the absorbance of cell control at
570 nm, and P2 is the absorbance of cell control at 600 nm.

= × ×
× ×

×

reduction of Alamar blue reagent
(O2 A1) (O1 A2)
(O2 P1) (O1 P2)

100
(8)

Further, to get insights into the qualitative aspects of cell
response toward SF films, a cell adhesion study followed by
staining for the cytoskeleton and nucleus was performed. For
this purpose, SF films were clipped to the inserts, ETO-
sterilized, and presaturated as detailed in the previous section.
Then, SIRC cells (1 × 104 cells) were seeded and cultured on

the test material for 24 h in a CO2 incubator. Cells cultured on
a standard multiwell plate were considered as a control.
Subsequently, the cell-laden test material, as well as the control
dish, was subjected to staining and imaging. Briefly, samples
were washed with 1× PBS for three times, fixed in 4%
paraformaldehyde for 1 h at room temperature, washed with
PBS for three times, treated with 0.1% Triton X-100 for 3 min,
and washed with PBS for three times. Cells were stained with
rhodamine-phalloidin (1:100) for 15 min, washed with PBS,
counterstained with Hoechst (0.005% w/v in PBS) for 1 min,
washed with PBS, and imaged in a fluorescence microscope
(Leica DMI 6000B). Subsequently, the cell adhesion was also
examined by SEM analysis. For this purpose, cell-laden films
were fixed using 4% paraformaldehyde for 1 h. Then, the
samples were washed with PBS for 5 min and dehydrated twice
using 30, 50, 70, 90, and 100% alcohol for 5 min each. The
samples were then treated with isoamyl acetate, followed by
critical point drying and gold coating before SEM analysis.
2.5. Statistical Analysis. Typically, at least four replicates

for each value were averaged and represented as mean ± SD.
Statistical differences were analyzed by either Student’s t-test
or ANOVA as necessary. Differences were considered
significant at a p-value <0.05 and denoted using an asterisk
(*) mark. Qualitative images were representative of the
respective group.

3. RESULTS
3.1. Morpho-Topographical Properties. The thickness

of the films on an average was ranging between 50 and 70 μm.
The morphological properties of SF films were analyzed by
SEM. As presented in Figure 1, aq films showed relatively
rougher surfaces with particulate matter, FA showed rough
surfaces with pits, and HFIP films showed smooth surfaces

Figure 1. Morphological analysis of silk fibroin films. SEM images of
aq, FA, and HFIP films without and with annealing conditions.
Representative 3D view and line profiles of aq, FA, and HFIP pristine
films are obtained through ImageJ processing. Particulate matter can
be seen in the aq film, pits can be seen in the FA film, and the HFIP
film was relatively without any artifacts.
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without any detectable artifacts. However, it was difficult to
detect changes in the surface morphology of the films after the
annealing process in all the samples. Further insights into
topographical features of SF films were obtained by surface
profilometry, which provides roughness values in quantitative
terms. As presented in Figure 2, the root mean square

roughness factor (Rq) values for aq, FA, and HFIP solvents
were found to be 1.39, 0.32, and 0.13, respectively. These data
confirmed the gross scale roughness profile observed in SEM
showing greater roughness in the aq solvent, followed by FA
and HFIP solvents. Concerning the effect of annealing on
roughness factor, aq, FA, and HFIP films showed nearly 50%
reduction in roughness factor after the annealing process in
general. For instance, the Rq of aq films reduced from 1.39 to
0.70, the Rq of FA films reduced from 0.32 to 0.10, and the Rq
of FA films reduced from 0.13 to 0.06. Therefore, the
topography was affected by, or in other words, can be
modulated by, fabrication as well as postfabrication process
parameters.
3.2. Physical Properties. Surface wettability is a critical

parameter to be determined for any biomaterial intended for
use in tissue engineering applications. Typically, this gives an
idea about the hydrophilicity/hydrophobicity of the material
and therefore defines the cell−material interactions. Usually,
this is measured by determining the surface contact angle. In
the current study, the sessile drop technique in a computer-
controlled goniometer was followed to determine the effect of
process parameters on the contact angle of SF films. As
presented in Table 1, aq, FA, and HFIP films showed contact
angles of about 73°, 85°, and 89°, respectively. All the films

were hydrophilic; however, the contact angle increased in the
order of aq < FA ≈ HFIP. Upon postfabrication annealing, the
contact angle was slightly enhanced in aq films, whereas in FA
and HFIP films, it was slightly reduced.

Besides surface wettability, it is also important to analyze the
bulk wettability, i.e., the water uptake capacity of a biomaterial.
It is equally important to evaluate the swelling property of the
biomaterial. In the current study, we have determined water
uptake % and swelling ratio by determining the amount of
water absorbed and the weight gained using eqs 1 and 2,
respectively. As shown in Table 2, aq, FA, and HFIP films
exhibited water uptake % values of about 58, 29, and 27%,
respectively. Upon postfabrication annealing, the water uptake
% was reduced among all the samples, wherein steam-annealed
samples showed the lowest water uptake % values. Similarly, as
presented in Table 3, the swelling ratio was 1.58 in aq films and
it was reduced to 1.3 in FA films and 1.28 in HFIP films. Also,
upon annealing, the swelling ratio was reduced, wherein steam-
annealed samples showed the lowest swelling ratio.

Another parameter to consider is the water vapor trans-
mission (WVT), which is calculated to understand the
transmission of water vapors through a biomaterial, typically
in the form of films. In the current study, we determined WVT
% by calculating the loss of water kept in a vial having a lid
fitted with SF films. The weight loss of the vials was
determined over a specific time point, and the values were fit
into eqs 3 and 4. A vial without any lid was considered as a
control. The results are presented in Table 4: aq films showed
a WVT% of 39%, FA showed 26%, and HFIP showed 22%
with respect to the control. Upon annealing, WVT% was
reduced in aq films but slightly enhanced in FA and HFIP
films. A vial fit with a commercial dialysis membrane was used
for comparison purposes, which showed a WVT% of 66%.
3.3. Chemical/Structural Properties. The effect of

fabrication and postfabrication processes on SF film
composition and secondary structural features was assessed
by FTIR spectroscopy. As presented in Figure 3, typically
degummed SF fiber exhibits a peak at 1620 cm−1, reflecting the
highly ordered β-sheet structure of the protein. Upon aqueous
reconstitution, the conformational changes from ordered to
unordered elements took place and this was reflected by a peak
shift to 1640 cm−1. After fabrication and annealing, all the films
showed a peak shift back to 1620 cm−1, which was an
indication of conformational change from a less ordered
structure to a highly ordered structure typically dominated by
β-sheet elements. Further, the analysis of the full spectrum of
all the samples showed a consistent spectral pattern among the
films, i.e., no new peaks were found or no deletion of
characteristic peaks was observed, and thus indicated an
unaltered composition across various fabrication and annealing
processes.
3.4. Mechanical Properties. Native corneal tissue is a

mechanically tough biological material with Young’s modulus
ranging between 0.1 and 57 MPa with notable differences

Figure 2. Surface roughness of silk fibroin films. Average surface
roughness (Rq) of SF films without and with the postfabrication
annealing process (a: aq, FA, and HFIP films without treatment; b: aq
films; c: FA films; d: HFIP films) (n = 4; differences between asterisk
(*)-marked groups were statistically significant with p ≤ 0.05).

Table 1. Effect of Process Parameters on the Contact Angle of SF Filmsa

pristine MeOH steam H2O

aqueous 72.9 ± 0.8* 76.55 ± 2.7 88.7 ± 2.6* 73.8 ± 1.4
FA 85.05 ± 1.7* 83.4 ± 1.8 75.5 ± 2.4* 74.7 ± 1.5*
HFIP 88.9 ± 9.3 85.9 ± 2.6 84.4 ± 2.2 83.9 ± 1.6

an = 4; differences between asterisk (*)-marked groups were statistically significant with p ≤ 0.05.
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based on the stromal region characterized, age of the donor,
storage period, and measurement technique followed. In the
current study, the effect of process parameters on the
mechanical properties of SF films was determined by tensile
testing. First, the SF films prepared by aq, HFIP, and FA
solvents were compared, and as can be seen from Figure 4a,
the aq film showed relatively low tensile strength followed by
the HFIP film, and the FA film showed relatively high tensile
strength. Subsequently, aq, HA, and FA films with the
postfabrication annealing process, viz. H2O, MeOH, and
steam, were tested. Figure 4b,c indicated that, for both aq
and HFIP cases, the tensile property was enhanced after the
annealing process, wherein H2O- and MeOH-annealed films
showed a nearly comparable profile, whereas steam-annealed

films showed the highest tensile strength. As presented in
Figure 4d, FA films showed comparable tensile property
profiles with or without annealing, indicating no significant
postfabrication effect.
3.5. Degradation Properties. Bioresorbability is a critical

parameter for any biomaterial for potential applications in
tissue engineering. In the current study, we have analyzed the
degradation profile of SF films in three different media over 4
weeks at 37 °C. To compare the effect of fabrication
processing, aq, FA, and HFIP films without annealing were
used, and to compare the effect of postfabrication processing,
HFIP films annealed with water vapor, methanol vapor, and
steam were used. The weight loss % is determined and
presented in Figure 5. Gradual weight loss was noticed in all
the films irrespective of the medium. However, at week 4, aq
films showed significantly higher degradation in enzyme
solution with a weight loss of about 72%, followed by HFIP
films with a weight loss of about 41% and then FA films with
only about 12% weight loss. Among annealed samples, HFIP-
H2O films showed 29% weight loss, HFIP-MeOH films
showed 21% weight loss, and HFIP-steam films showed 15%

Table 2. Effect of Process Parameters on the Water Uptake % of SF Filmsa

pristine MeOH steam H2O

aqueous 57.6 ± 4.7* 51.8 ± 1.1* 23.3 ± 0.3* 42.8 ± 3.2*
FA 29.5 ± 1.7* 28.3 ± 4.8 14.2 ± 1.8* 22.6 ± 1.1*
HFIP 27.3 ± 0.1* 24.7 ± 0.3* 16 ± 2.9* 23 ± 2.9*

an = 4; differences between asterisk (*)-marked groups were statistically significant with p ≤ 0.05.

Table 3. Effect of Process Parameters on the Swelling Ratio of SF Filmsa

pristine MeOH steam H2O

aqueous 1.58 ± 0.05* 1.52 ± 0.01 1.23* 1.43 ± 0.03
FA 1.3 ± 0.02* 1.28 ± 0.05 1.14 ± 0.02* 1.23 ± 0.01*
HFIP 1.28 ± 0.09* 1.25 1.16 ± 0.03* 1.22 ± 0.1

an = 4; differences between asterisk (*)-marked groups were statistically significant with p ≤ 0.05.

Table 4. Effect of Process Parameters on the WVT% of SF
Filmsa

pristine MeOH steam H2O

aqueous 39.15%* 34.60% 29.65%* 33.61%
FA 25.57% 27.10% 33.28% 30.65%
HFIP 22.58% 26.16% 24.63% 27.10%

aClosed system: 0.30%; open system: 100% (n = 4; differences
between asterisk (*)-marked groups were statistically significant with
p ≤ 0.05).

Figure 3. ATR-FTIR spectral data of silk fibroin films. (a) DSF and
RSF (degummed and reconstituted SF), (b) aq films, (c) FA films,
and (d) HFIP films indicated the compositional/structural elements
across prefabrication, fabrication, and postfabrication annealing
processes.

Figure 4. Tensile testing data of silk fibroin films. (a) aq, HFIP, and
FA films without annealing, (b) aq films with annealing, (c) HFIP
films with annealing, and (d) FA films with annealing indicated the
changes in tensile strength with respect to process parameters.
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weight loss at week 4. Annealed films in PBS and STF showed
negligible degradation.
3.6. Optical Properties. Optical clarity is the foremost

criterion for consideration while designing a biomaterial for
corneal tissue engineering applications. Therefore, in this
current study, we have focused on the optical properties and
investigated if there were any process (fabrication and
postfabrication)-dependent variations. As presented in Figure
6, SF films from all three solvents such as aq, FA, and HFIP
solvents, with and without annealing, showed excellent optical
clarity. Typically, in the native state, the cornea was covered
with a tear film and therefore remains in a wet state at all times.
To this end, we have incubated SF films in water and recorded
the changes in optical clarity after wetting. As can be seen from
the figure, SF films showed remarkable optical clarity even in a
wet state, irrespective of processing conditions.

To get further insights into optical properties, we analyzed
the absorption spectra of SF films by UV−Vis spectroscopy
from 200 to 700 nm wavelength in a multiwell plate reader. As
presented in Figure 7, the results indicated that all SF films in
the dry state showed almost negligible absorbance in the visible
region (500 nm), irrespective of the fabrication and annealing
process. Subsequently, to simulate the wet state condition of
the cornea as in natural condition, we have wetted the SF films
and recorded the spectra once again and found no notable
changes in the absorbance of the sample before and after
wetting. Similarly, negligible absorbance was recorded at UVA
(350 nm) and UVC (250 nm) regions in all the films, both in
the dry and wet states, but relatively high absorbance was
recorded at the UVB (300 nm) region, perhaps indicating the
typical absorption shown by proteins at 280 nm.

Further, to get quantitative information on the optical
properties of SF films, we have taken the spectra at
representative wavelengths and calculated T%. As presented
in Figure 8a, similar to previous observations, all SF films in the
dry state showed almost 90% transmission in the visible region

(500 nm) across various fabrication and annealing processes.
We have calculated T% for wet samples and found no
significant changes between dry and wet samples. To check if
the long-term wetting influences the optical clarity of SF films,

Figure 5. Biodegradation profile of silk fibroin films. Weight loss % values of SF films in a protease (ENZ), phosphate-buffered saline (PBS), and
simulated tear fluid (STF) over 4 weeks of incubation (a: aq plots; b: FA plots; c: HFIP plots (all without annealing); d: HFIP-water-annealed
plots; e: HFIP-methanol-annealed plots; f: HFIP-steam-annealed plots) (n = 4; differences between asterisk (*)-marked groups were statistically
significant with p ≤ 0.05).

Figure 6. Optical clarity of silk fibroin films. aq, FA, and HFIP
solvent-derived SF films without annealing and with annealing with
methanol, steam, and water showed excellent optical clarity in (a) a
dry state as well as in (b) a wet state.
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the films were incubated in STF for 4 weeks, the absorbance
was recorded, and T% was calculated. As presented in Figure

8b, all the films (with and without annealing) showed about
90% transmission and there was no significant difference in T%
even after 4 weeks of incubation in STF.
3.7. Cytotoxicity. The cytotoxicity of the SF films

prepared by different processing conditions was investigated
following an extract assay test and MTT assay as per ISO
10993-5. The extract assay test is a well-known cytotoxicity
assay that involves the microscopic examination of changes in
cell morphology in response to test and control samples. As
can be seen in Figure 9, cells treated with the test sample
extracts (aq, FA, and HFIP solvents with and without
annealing) showed good morphology similar to that of cell
control; therefore, they were considered as noncytotoxic
(grade 0), whereas the cells treated with phenol showed
severe cytotoxicity (grade 4) as anticipated. Meanwhile, MTT
assay was used for obtaining the quantitative measurement of
the cell viability. In the current study, about 80−100% cell
viability was observed in the test samples. As per ISO 10993-5,
a reduction in cell viability by >30% is considered a cytotoxic
effect; since all the test samples showed reduction by <30%,
they were considered noncytotoxic.
3.8. Cytocompatibility with Corneal Cells. Finally, we

have investigated the ability of the SF films, prepared by
different processing conditions, to support corneal cells for
subsequent application in corneal tissue engineering. For this
purpose, we have cultured SIRC cells (rabbit corneal cells) on

Figure 7. UV−Vis spectral data of silk fibroin films. Absorption spectra of (a) aq, FA, and HFIP films without annealing, (b) aq films with and
without annealing, (c) FA films with and without annealing, and (d) HFIP films with and without annealing (arrows indicate representative UVC,
UVB, UVA, and visible spectral regions at 250, 300, 350, and 500 nm, respectively).

Figure 8. Transmittance % of silk films. The T% of aq, FA, and HFIP
films with and without annealing at the visible range on day 1 (a, dark
bars represent the dry state and light bars represent the wet state) and
day 28 (b, dark bars show week 1 data and light bars show week 4
data) indicated that there were no significant changes on the optical
clarity of SF films even after wetting in STF for 4 weeks.
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SF films and determined cell viability and cell adhesion with
respect to cells cultured on TCPS (tissue culture polystyrene
dish). As presented in Figure 10, aq, HA, and FA films without

annealing and aq films with MeOH, H2O, and steam annealing
showed comparable cell viability, with 70−80% cell viability
with respect to cells cultured on TCPS. Cell viability on TCPS
vs that on test samples was statistically significant, perhaps due
to the fact that TCPS was tissue culture-treated, whereas the
test samples were without any coating. Subsequently, cell-laden
test samples were stained with cytoskeletal and nuclear stains
to check cell adhesion patterns. As presented in Figure 11, a
good number of cells were found to adhere and well spread
with typical corneal epithelial morphology (ovoid to cuboidal)
on the test samples, similar to the TCPS control. The SEM
analysis of cell-laden films, as shown in Figure 12, confirmed
that SIRC cells were nicely adhered and spread on the SF films
similar to those on TCPS. Further, as mentioned in earlier

sections, optical clarity is the critical characteristic property of a
biomaterial for corneal tissue engineering. To confirm the
transparency after cell culture studies, the cell-laden test
materials were visually observed and photographed. As
presented in Figure 13, all the test samples under study were
found to be clear and optically transparent. Overall, the SF
films prepared by different processing conditions were found to
be equally compatible with corneal cells for potential
application in corneal tissue engineering.

4. DISCUSSION
Cornea, a transparent, protective, outermost layer of the eye,
provides 75% of total refractive power and transmits 98% red
light and 90% blue light. The lack of donors, the possibility of
infections, and rejection rates made researchers find an
alternative therapy method. To this end, tissue engineering
has emerged as an alternative therapeutic approach that
involves the creation of bioartificial tissues in vitro by culturing
cells of patients or healthy donors on a biomaterial scaffold in
the presence of bioactive growth factors.26 Unlike other natural
polymers, the amenability of silk to be processed into a wide
array of formats suiting for different applications serves an
extra credit. Robust mechanical properties, tunable degradation
patterns, and chemical properties aid its usage in different
fields. Due to the presence of additional desirable character-
istics, SF and blends of SF have gained the attention of
scientists all over the world. Although a huge number of
studies have been performed with SF in tissue engineering, no
study was taken up so far to investigate process-dependent
variations in SF films, particularly in the context of corneal
tissue engineering. The current study was aimed to fill the gap
and provide insights into fabrication- and postfabrication-
dependent variations in silk films. A bird’s eye view of the
overall observations is presented in Figure 14.

Morpho-topological analysis by SEM and surface profilom-
etry revealed a decrease in roughness in the order of aq (Rq =
1.39) > FA (Rq = 0.32) > HFIP (Rq = 0.13). This was

Figure 9. Cytotoxicity profile of SF films. Inverted phase contrast image of cells treated with extracts of the test sample (a), phenol (b), and cell
control (c); percentage viability of cells as measured by MTT assay (d). All the test samples showed >70% cell viability and thus were considered
noncytotoxic.

Figure 10. Cell viability % of SIRC cells on SF films. aq, HFIP, and
FA films without annealing and aq films with MeOH, H2O, and steam
annealing showed comparable cell viability, with 70−80% cell viability
with respect to cells cultured on TCPS (n = 6; differences between
asterisk (*)-marked groups were statistically significant with p ≤
0.05).
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reduced by nearly 50% after the annealing process in general.
Recently, Yang et al. reported the surface morphology of B.
mori/tussah SF blend films, wherein they observed smoother
surface morphology in FA films than aq films.27 Thus, the
process-dependent variations in morpho-topological properties
of SF films in our study were comparable with earlier reports.
On the other hand, Zhang et al. and Luangbudnark et al.
evaluated wettability, water uptake, swelling, and WVT% and
found that the films were hydrophilic; meanwhile, the swelling
ratio of the films was in the range of 48−57%.16,28 They also
evaluated SF films conjugated with curcumin for WVT% and
found them to have better permeability as that of our results.
In the current study, when compared to the films made from
the aq solvent, the films made from FA or HFIP solvents were
showing reduced interaction with water in general. Further,

upon annealing, compared to H2O- and MeOH-annealed films,
the steam-annealed films showed reduced interaction with
water, as reflected in the contact angle, water uptake, swelling
ratio, and WVT%. Therefore, the effects of process conditions
on the physical properties of SF films were evident and were in
good agreement with earlier reports.

Kasoju et al. and Jaramillo-Quiceno et al. evaluated the FTIR
spectra of SF and reported that SF was characterized by amide
I, II, and III bands.12,29 In particular, the amide I band position
was explored to get details of the secondary structure of SF,
where degummed SF fiber typically showed a silk II structure,
which changes to silk I upon aqueous reconstitution and then
reverses back to silk II upon processing into films and sponges,
which can be relatable to our results. As for tensile properties,
the relative strength was found to increase in the order of aq <
HFIP < FA for control films. The tensile strength was
enhanced in both aq and HFIP films after the annealing
process. Previously, Rajkhowa et al. reported that aq films

Figure 11. Cell adhesion on SF films. SIRC cells adhered and spread well on SF films similar to that on TCPS control (a−c: TCPS; d−f: aq SF
films; a, d: phase contrast: b, e: cytoskeleton stained with rhodamine-phalloidin; c, f: nuclei stained with Hoechst).

Figure 12. Cell adhesion study. SEM images of SIRC cells on TCPS
(a) and aq SF films (b) showed well adhered and nicely spread
morphology.

Figure 13. Transparency of SF films after cell adhesion studies. All the
test materials were found to retain their transparency even after cell
culture (a: aq; b: FA; c: HFIP).

Figure 14. Bird’s eye view of the process−property−function
relationship in silk film fibroins films. The graphic depicts the
influence of fabrication (aqueous vs non-aqueous) and postfabrication
(pristine vs annealed) processes on various properties of silk films.
Note that the relationship shown is representative in nature and not
to any scale.
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showed a tensile strength of 3.5 MPa, which was increased to
15.8 MPa after ethanol annealing; also, FA films annealed with
ethanol showed a relatively high tensile strength of 43.6 MPa.30

These observations correlate well with our experimental
results. One interesting observation noted in our study was
that, in the case of FA, the tensile properties seem to be
comparable among non-annealed and annealed samples.
Perhaps, this could be due to the widely accepted notion
that FA induces β-sheet formation to the maximum extent
possible with no further scope for molecular arrangement, as
evident from the nearly identical FITR spectral pattern.

As for biodegradation properties, previously, Rajkhowa et al.
reported that aq films showed 62% weight loss, whereas FA
films showed only 2.8% in an aqueous medium.30 In the
current study, upon enzymatic degradation, aq films lost by
72%, HFIP films lost by 41%, and FA films lost by 12%.
Among annealed samples, HFIP-H2O lost by 29%, HFIP-
MeOH lost by 21%, and HFIP-steam lost by 15%. There was a
clear effect of fabrication and postfabrication processing
conditions on the biodegradation properties of SF films, in
good agreement with earlier reports. Once again, the resistance
of FA films for degradation may be due to the secondary
structural elements in SF. Yao et al., Ha et al., and Liu et al.
reported that FA was an attractive solvent for inducing the
conformational changes toward the β-sheet structure in SF and
thereby modulating the unique properties of SF materials.31−33

Although HFIP was found to induce the silk II structure in SF,
in the current study, it appeared that the silk II component was
relatively less in HFIP films than in FA films. This has to be
looked at in detail, probably by analyzing the secondary
structure details by CD spectroscopy or other similar
techniques.

Optical property is the most critical feature for consideration
when developing biomaterials for ophthalmic applications. In
the current study, the SF films showed about 90% T% in the
visible range, irrespective of fabrication and postfabrication
processing conditions followed. There were no notable
differences in optical properties of SF films in dry and wet
states. Further, a 4 week-long incubation study also confirmed
that the SF films remained to be optically clear. Qi et al.
reported the preparation of SF-based flexible and conductive
films and showed that the films possessed 80−90% T% even
after blending with other components.34 Also reported was the
preparation of SF films with a focus on assessing the effects of
degumming process parameters on film properties, where they
found excellent transparency in all the films; however, the
transparency tends to change after wetting the films. Liu et al.
also evaluated and reported about 90% T% of SF films in the
visible light spectrum. Collectively, these reports fall in line
with our observations on SF film optical properties.35

With respect to the cytotoxicity of SF films, previously,
Akturk et al. reported about 90% cell viability of L929 cells
treated with extracts of SF/gold nanoparticle 3D matrices as
per ISO 10993-5, similar to our results.36 Next, we have
investigated the cytocompatibility of SF films for corneal tissue
engineering applications using SIRC cells (rabbit corneal cells).
Alamar blue assay indicated 70−80% cell viability in all the test
samples, and subsequent cytoskeletal staining and SEM
analysis of cell-laden test samples showed a good number of
well-adhered and well-spread cells with typical corneal
epithelial morphology (ovoid to cuboidal). Our results match
with earlier reports such as those of Hazra et al., Liu et al., and
a few others who have reported the compatibility of SF-based

biomaterials with corneal cells for corneal tissue engineering
applications.37,38 Further, we also showed in this study that the
transparency remains unaltered even after cell culture studies.
Our results match with those of Kim et al. who reported that
Aloe vera gel blended SF films showed excellent cornea
endothelial cell regeneration without any effect on optical
clarity.39

5. CONCLUSIONS
With a hypothesis that various fabrication and postfabrication
processing conditions could influence the properties and
function of SF films in the context of corneal tissue
engineering, we have prepared SF films by using three different
solvents (aq, FA, and HFIP), with postfabrication processing
in three different conditions (methanol vapor, water vapor, and
steam), and subsequently investigated their various properties.
The results concluded that the fabrication and postfabrication
conditions indeed affect the topological, physical, tensile, and
degradation properties of SF films to a significant extent;
however, the effects on chemical composition, optical proper-
ties, and cytocompatibility were negligible. That means that SF
films were prone to processing changes in various physico-
chemical properties, yet they remain optically clear, non-
cytotoxic, and cytocompatible with corneal cells. This opens an
avenue for choosing an appropriate processing method for
preparing SF films with a set of physical/tensile/degradation
properties of choice without compromising optical clarity and
cytocompatibility. However, the effect of these process
parameters on the molecular fingerprint of corneal epithelial
cells, the ability to stratify during air−liquid interface culture,
and in vivo performance in animal models is yet to be explored.
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