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A B S T R A C T

Millions of people worldwide suffer from vision impairing conditions resulting from corneal injury or disease.
Silk fibroin (SF) is an emerging biopolymer that has been used for several applications including the fabrication
of bioengineered corneas and ocular prostheses. To improve the cell response to SF, riboflavin (RF) and all-trans
retinoic acid (RA) were coupled onto SF matrices. RF is a photo-initiator that has previously been combined with
ultraviolet light to crosslink corneal collagen while RA has been used to regulate the phenotype of corneal
stromal cells and their extracellular matrix deposition. Different concentrations of RF and RA were respectively
photo-crosslinked and covalently bound through carbodiimide coupling onto 2% SF matrices. The effect of
incorporating these molecules on the physical, chemical and mechanical properties of the matrices was eval-
uated. The biological response of human corneal stromal cells to the matrices was examined using cellular
adhesion assays, proliferation assays, cytoskeleton staining, gene expression analysis and immunocytochemical
staining. RF and RA both led to changes in the surface nanostructure and hydrophilicity while just RF increased
the material stiffness. Cells cultured on the matrices containing both biomolecules displayed improved cellular
proliferation, increased GAG deposition and increased expression of keratocyte genes that are normally asso-
ciated with healthy corneal stromal tissue. These in vitro studies serve as a starting point for the optimization of
loading bioactive molecules on SF based matrices for formulating clinically relevant ocular implants.

1. Introduction

Damage to the cornea, from injury or disease, can compromise vi-
sual acuity and may lead to blindness. There are an estimated 4.9
million cases of bilateral corneal blindness and 23 million cases of
unilateral corneal blindness worldwide [1]. A cornea transplant is often
the only suitable treatment to regain vision however the success of
these transplants can be affected by many factors including wound
healing, mismatch of donor and recipient tissue size, curvature and
thickness and astigmatism due to sutures [2]. The limited availability
and accessibility of transplantable donated corneas is another issue that
needs to be considered since it limits the number of possible procedures
[3]. One solution to overcoming these issues is to develop bioengi-
neered corneal tissue as an alternative to allogenic donor corneas for
transplantation.

When trying to engineer corneal tissue it is important to choose a
scaffold material that has suitable physical and optical characteristics
while also promoting a functional cell phenotype. Through decades of

sustained investigations that revealed attractive properties like bio-
compatibility, cytocompatibility, biodegradability, mechanical strength
and an ability to stabilize labile compounds, silk fibroin (SF) has es-
tablished itself as a promising biopolymer for many medical applica-
tions [4–6]. In addition, since SF is nearly fully transparent to visible
light, it can also be used for fabricating ocular constructs [7–11]. Such a
combination of properties appears to make silk an attractive material
for the fabrication of corneal scaffolds.

While SF has superior mechanical properties than many other nat-
ural biopolymers, these can be further enhanced by crosslinking.
Although ruthenium is known to be capable of photo-crosslinking silk
[12], the possible toxicity of ruthenium [13] means options for a
nontoxic photo initiator are being examined for use in vivo. To this end,
riboflavin (RF) has been explored as a crosslinking agent since it is
naturally found in tissues and it can be used as a photoinitiator by
exposing it to visible and ultra-violet light of wavelengths between 330
and 470 nm (peak absorbance 350–450 nm and fluorescence emission
peak at 533 nm) [14]. It has previously been used to crosslink polymers

https://doi.org/10.1016/j.msec.2019.110093
Received 10 October 2018; Received in revised form 8 August 2019; Accepted 15 August 2019

⁎ Corresponding author at: Trinity Centre for Biomedical Engineering, Trinity Biomedical Sciences Institute, Trinity College Dublin, University of Dublin, Dublin 2,
Ireland.

E-mail address: ahearnm@tcd.ie (M. Ahearne).

Materials Science & Engineering C 105 (2019) 110093

Available online 15 August 2019
0928-4931/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2019.110093
https://doi.org/10.1016/j.msec.2019.110093
mailto:ahearnm@tcd.ie
https://doi.org/10.1016/j.msec.2019.110093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2019.110093&domain=pdf


such as collagen [15–17], polysaccharides [18] and poly(ethylene
glycol) [19].

In addition to providing a construct for cells to attach, ideally
scaffolds should contain molecules that positively influence cell beha-
vior. For example, all-trans retinoic acid (RA) is essential to cellular
differentiation and homeostasis, vertebrate development, and ocular
health [20]. RA is a metabolic derivative Vitamin A and plays a crucial
role in development and signaling processes in the eye [21]. It also has
been shown to support a corneal stromal keratocyte phenotype under
serum free conditions [22,23].

RF and RA have been used individually in studies investigating
corneal regeneration. A combined delivery of both molecules has not
previously been explored and specifically by using a SF matrix. Indeed,
while photo-crosslinked SF-RF matrices have showed promise as an
ocular prostheses [7], loading SF with RA has not previously been ex-
plored for corneal regeneration. In the current work, both bioactive
molecules, at different loading concentrations, were covalently coupled
onto SF matrices. Loading concentrations were optimized based on the
results of mechanical testing and the biocompatibility of human corneal
stromal cells. SF matrices with the optimal loading concentrations were
then subjected to detailed in vitro studies. Since RF and RA are both
expressed as part of corneal stroma repair, it was hypothesized that
their dual delivery within a scaffold will result in enhanced stroma
regeneration.

2. Materials and methods

Unless otherwise specified, chemicals and reagents were purchased
from Sigma-Aldrich.

2.1. Isolation of silk fibroin from Bombyx mori cocoon

Silk fibroin (SF) from Bombyx mori (Bm) cocoons (Treenway silks,
USA) was extracted using a standard protocol [7]. In summary, the
cocoons were boiled in 0.02M sodium carbonate solution to extract SF,
separating out serecin – the glue like component that holds cocoons
together. Extracted SF was dissolved in 9.3 M lithium bromide at 60 °C,
allowing 4 h for complete dissolution. This solution was dialyzed, over
72 h against deionized water. Dialysis removed the lithium bromide.
The SF concentration was adjusted, using 10% (w/v) Polyethylene
glycol (PEG, 10,000MW) solution, to 2% (wt/wt) and this concentra-
tion was used throughout this study.

2.2. Fabrication of riboflavin (RF) and all-trans RA crosslinked silk fibroin
matrices

RF at concentrations of 0.2 mM, 2.5 mM, 10mM and 20mM were
used to crosslink 2% SF. Crosslinking was triggered using UVA light in
an otherwise dark room. This crosslinking process has been represented
using Fig. 1(a). Each RF molecule creates a linkage between two mo-
lecules of SF repeat units. To perform crosslinking, a parallel plate ar-
rangement was used. A quartz plate was positioned on the top and a
stainless-steel plate formed the base. Temperature was maintained at
37 °C for 60min. To provide the required illumination upon the SF
matrices, a light source with a peak emission wavelength of 365 nm was
used. After air-drying, crosslinked SF matrices were treated with ab-
solute ethanol for 5min and 70% ethanol for 20min to form a β-sheet
structure.

All-trans RA concentrations of 0.5 μM, 2.5 μM, 5 μM and10 μM were
covalently coupled onto β-sheet formed silk fibroin matrix using car-
bodiimide coupling reaction over 8 h. To conjugate all-trans RA and SF
via a stable amide bond, N-(3-Dimethylaminopropyl)-N′-ethylcarbo-
diimide hydrochloride (EDC)/N-Hydroxysuccinimide (NHS) was used.
The mechanism has been represented in Fig. 1(b).

The SF matrices were fabricated by solution casting. SF solution was
put onto a horizontal dish and following the solution's evaporation, the

matrix was collected. Matrix thickness was controlled by altering vo-
lume of casting solution.

2.3. Mechanical characterization

Following the ASTM 638-5 standard, matrices undergoing me-
chanical testing were cut into dumbbell shaped samples (50mm long,
10mm wide) prior to tensile testing (UTM; Instron Electroplus, E1000).
This test used a 10 kN load-cell, 3 mm/min extension rate and was
conducted at 25 °C temperature and 50% relative humidity. The sam-
ples for tensile testing had been hydrated using PBS. Young's modulus
of the matrices was calculated from the linear region of stress-strain
curves< 3% strain.

2.4. Cell isolation and culture

Human corneal stromal cells were isolated from donor tissue as
previously described [24] in accordance with the Declaration of Hel-
sinki. Briefly, the epithelium and endothelium of the corneas were
physically removed and the remaining stromal tissue was cut into small
pieces and placed onto a culture plate. The tissue was then submerged
in culture media consisting of Dulbecco's Low Glucose Modified Eagles
Medium (DMEM) (Hyclone; Thermo Fisher Scientific) and supple-
mented with 10% fetal calf serum (Hyclone) and 1% penicillin/strep-
tomycin. Once cells had migrated out from the stromal tissue and
reached 80–90% confluency, they were trypsinized, centrifuged and
suspended in the medium to be counted using a hemocytometer. The
cells were then cultured in standard culture flasks in a controlled, hu-
midified environment of 5% CO2, at 37 °C. Cells at passage 3 were used
in this study.

The silk matrices (1×1 cm2) were sterilized by washing with 70%
ethanol followed by a 20min exposure to UV. They were then washed
thrice using sterile PBS (pH 7.4) over 20min and soaked in culture
medium for 4 h to ensure that the matrices would provide a conducive
environment to the seeded cells. A couple of hours before cell seeding,
the matrices were partly dried to allow better cell penetration. Onto
each matrix, 10 μl of cell suspension in media, that contained 1000
cells, was seeded drop-by-drop. For 1 h after cell-seeding, these ma-
trices were kept in at 37 °C and 5% CO2, in a humidified environment to
bolster cell adhesion. Matrices were maintained using a serum free
media consisting of DMEM/F12 (Hyclone; Thermo Fisher Scientific)
supplemented with 1% penicillin/streptomycin, 100 µg/ml L-ascorbic
acid and 1 μl/ml Insulin-Transferrin-Selenium (100×, Gibco) medium
for up to 21 days, with media being replaced every alternate day.

2.5. Cell adhesion, metabolic activity and toxicity assays

Cell adhesion onto matrices was calculated based on the con-
centration of unattached cells left in the culture media 1, 3 and 5 h post
cell seeding. Without disturbing the cell laden matrices, culture media
was flushed carefully onto the culture plate. This detached any cells
that might have been attached to the culture plate. Ten microliters of
this cell suspension was placed into a chamber of the hemocytometer to
calculate the concentration of unattached cells. The number of cells that
adhered to the matrices was calculated by subtracting the density of
unattached cells from the cell seeding density [25].

Over 21 days of cell culture, cell metabolic activity was assessed at
several time points using a PrestoBlue assay (Molecular Probes;
Invitrogen, Carlsbad, CA), following the manufacturer's protocols.
Prestoblue™ is a blue non-fluorescent, cell permeable compound (re-
sazurin-based solution), that is reduced by living cells into a fluorescent
compound (resorufin). Briefly, 100 μl PrestoBlue™ was pipetted per
well. After 1 h incubation in the dark, 200 μL dye-containing medium
from each well was placed into 96-well plate in triplicate and the
fluorescence intensity was measured using a fluorescence reader at an
excitation and emission wavelengths of 570 nm and 600 nm
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respectively.
A MTT assay was performed at different time points over the culture

period to evaluate the toxicity of the fabricated matrices on cells. The
cell seeded matrices were incubated within MTT solution for 2 h [5mg/
ml stock solution diluted in PBS (pH 7.4) at a 1:10 ratio]. This resulted
in the formation of the formazan crystals, which were dissolved in di-
methyl sulfoxide and measured using spectrophotometry at wavelength
595 nm (in accordance with the manufacturer's protocol).

2.6. Physical, chemical and thermal characterization on selected silk fibroin
matrices

Following mechanical characterization and preliminary cell culture
studies, 2.5 mM RF and 10 μM RA crosslinked SF matrices were found to
have the most promising results for cell growth and proliferation.
Hence, 2.5mM RF and 10 μM RA were chosen for the combined loading
study. Both bioactive molecules were covalently coupled with SF ma-
trix, RF via photocrosslinking and RA via carbodiimide coupling reac-
tion. The matrices were subsequently subjected to detailed biophysical,
mechanical and biocompatibility studies.

Matrix surface morphology and chemical microanalysis (EDS) were

Fig. 1. (a) The schematic representation of UV crosslinked mechanism of RF and SF. (b) The schematic representation of RA incorporation on SF matrix by
carbodiimide coupling reaction.
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conducted using a Helium Ion Scanning Electron Microscope (Zeiss).
Atomic force microscopy (AFM; Agilent Technologies, USA, Model
5100,) was used to investigate the matrix surface topography and
roughness, over 2×2 μm2 area. AFM images were analyzed by Pico
Image Basic Software (Agilent Technologies) to provide surface
roughness, expressed as a surface root mean square (RMS) roughness
(Rq).

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR,
Nexus-870, Thermo Nicolet Corporation, USA) was performed to ana-
lyze the chemical composition of the matrices. The spectra were re-
corded over a wave number range of 2500–500 cm−1 under ambient
conditions. X-ray diffraction (XRD) patterns of fabricated matrices were
recorded on an X-ray diffractometer (D8 discovery, Bruker) with CuKα
radiation. The scanning range was from 10° to 70° in 2θ, at a speed of 2°
per min. Differential scanning calorimetry (DSC; NETZSCH DSC
200PC), at a scanning rate of 10 °C/min, between 40 °C and 350 °C, was
used to analyze the thermal property of the matrices. During the scan,
liquid nitrogen flow at a rate of 50ml/min was used for cooling.

After soaking in PBS at 37 °C for 7 days, matrices were tested for
light transmission. The matrices were placed in a 12-well plate with
PBS. PBS only was used as a blank control. The light transmittance was
evaluated for wavelengths between 400 nm and 750 nm, using a mi-
croplate reader (Synergy HTX, purchased from BioTek). Refractive
index was measured using a refractometer (Optilab). For each sample,
an average of three measurements under each wavelength measured
was taken.

Advancing and receding contact angles of fabricated matrices with
respect to water were determined using an optical contact angle mea-
suring system, a goniometer (Data Physics Instruments, Filderstadt,
Germany). This assessed the hydrophilicity of these matrices.

2.7. In vitro RF and RA release from crosslinked matrices

The SF matrices crosslinked using RF were incubated for 28 days in
deionized water at 37 °C to determine their release kinetics. RF released
into the deionized water was estimated using absorbance measured at
270 nm [26]. The standard curve was made using deionized water.

High-performance liquid chromatography (HPLC) (Agilent
Technology, Santa Clara, CA) was used to assay the all-trans RA re-
leased from SF matrices. For chromatography, the mobile phase con-
sisted of 84.5%:15.0%:0.5% (v/v/v) acetonitrile: water: glacial acetic
acid mixture. The UV detector was set at 353 nm to detect RA. At
ambient temperature, a flow rate of 1.5ml/min for injection volume
20 μl was used. Quantitative assessment of RA released from RA cou-
pled SF matrices, at different time points over the 28 days, was obtained
on the basis of a calibration curve (r2= 0.99, over RA concentrations of
0.02–100 μg/ml).

2.8. Enzymatic degradation

After incubation at 37 °C in 2ml solution of 1.0 mg/ml Protease XIV
(from Streptomyces griseus, Sigma) in PBS, SF matrices and SF matrices
loaded with the two bio-molecules (1×1 cm2, n=5) were collected at
1, 7, 14 and 21 days. These matrices were weighed to calculate enzy-
matic degradation. During the incubation, the enzyme solution was
replaced every other day. For control samples, incubation in PBS was
carried out.

2.9. In vitro biocompatibility

Cells were seeded onto matrices using a 15 μl cell suspension that
contained 3× 104 cells. A live/dead assay was performed after 7 days
of culture. The assay utilized dyes from Molecular Probes, USA and
manufacturer's protocol was followed. Live cells were stained by calcein
(green coloration; excitation: 488 nm) and dead cells by ethidiumho-
modimer (red coloration; excitation: 543 nm). The stained matrices

were examined using confocal microscopy (Leica SP8, Leica). Metabolic
activity (MTT assay) was evaluated at different cell concentrations
(1.5× 104 cells/cm2, 4.5× 104 cells/cm2 and 6× 104 cells/cm2).

2.10. Immunofluorescent staining

After 14 days of cell culture, cell laden matrices were fixed using 4%
paraformaldehyde for 15minute incubation at room temperature (RT).
Matrices were permeabilized using 0.1% Triton X-100 solution in bo-
vine serum albumin (BSA). They were then blocked using 1% BSA for
1 h. Actin filaments were stained with using phalloidin-TRITC and nu-
clei were stained using 4′,6-diamidino-2-phenylindole (DAPI). For im-
munocytochemical staining, fixed and permeabilized matrices were
incubated for 30min, in a blocking buffer of 2% (wt/vol) solution of
BSA in PBS. These matrices were then incubated at 4 °C in anti-kera-
tocan 1:50 (sc-66,941; Santa Cruz, Heidelberg, Germany), anti-
ALDH3A1 1:50 (ab76976; Abcam, Cambridge, United Kingdom) or
anti-α-smooth muscle actin (αSMA) 1:50 (ab7817; Abcam), for 18 h.
This incubation was followed by matrices being rinsed with PBS and
incubated at room temperature for an hour in fluorescently labelled
antibodies in a dark room. Donkey anti-rabbit AlexaFluor 488
(ab150073; Abcam) was used to detect keratocan and ALDH3A1 and
goat anti-mouse biotin was used for αSMA followed by ExtrAvidin-FITC
(B7151 and E2761). Mouse monoclonal anti-vinculin antibody (Abcam)
(1:400 dilution), identified by AlexaFluor 488 conjugated rabbit anti-
mouse IgG (Abcam) (1:200 dilution), was used to stain vinculin. Cells
were rinsed in PBS and incubated with 1mg/mL DAPI in 1:500 dilution
for nuclear staining. A 1.0% BSA was used for dilution of all antibodies.
The Leica SP8 confocal microscope was used for imaging, followed by
image post-processing using LAS X Advanced software. Cell shape was
also quantified (cellular aspect ratio: length/width, n= 15) using post-
processing software (Image J, NIH). Total cell density was quantified by
drawing a box (5 cm×5 cm) and counting the number of cells in this
specific region (analyzed 10-unit area of 5 different images) of each
fabricated matrix.

2.11. Gene expression by real-time Real Time-PCR

To quantify relative gene expression, at day 14 and 28, real-time
reverse transcription PCR was used as previously described [27]. The
following primers (Applied Biosystems, Biosciences, Dublin, Ireland)
were examined: αSMA (Hs00426835_g1), ALDH3A1
(Hs00964880_m1), collagen type III (COL3A1; Hs00943809_m1), col-
lagen type I (COL1A1; Hs00164004_m1), collagen type V (COL5A1;
Hs00609133_m1), decorin (DCN; Hs00754870_s1), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Hs02758991_g1), keratocan
(KERA; Hs00559942_m1), and lumican (LUM; Hs00929860_m1). For
reference, gene expressions were normalized against GAPDH, based on
the ΔΔCt method. The gene expression values thus calculated were
expressed as an exponential form of 2−ΔΔCt.

2.12. Biochemical assays

Biochemical analysis of sulfated glycosaminoglycans (sGAG) and
DNA was performed as previously described after 14 and 28 days in
culture [28]. Using a digestion solution (125 μg/ml papain, 5 mM L-
cysteine, 100mM Na2HPO4, 5mM EDTA, pH 6.8) cells on the matrices
were macerated at 60 °C for 16 h. To quantify sGAG a di-
methylmethylene blue (DMMB) binding assay (Blyscan; Biocolor Ltd.,
Antrim, UK) was used. Each sample was mixed with the DMMB solution
and the absorbance was measured at 590 nm wavelength. Total sGAG of
each sample was extrapolated using a standard plot of bovine chon-
droitin sulfate. To normalize data to DNA, a Bisbenzimide Hoechst
33258 DNA assay was used.
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2.13. Statistical analysis

To compare the results obtained for different matrix compositions,
one-way ANOVA was used, followed by Tukey's post-hoc HSD test.
Significant differences are represented as ***p < 0.001; **p < 0.01;
*p < 0.05. Data presented uses the format of mean ± standard de-
viation (SD). Sample size, unless otherwise stated, remained 3.

3. Results and discussion

3.1. Influence of RF and RA loading concentration on the mechanical
properties and biocompatibility of SF

The effect of RF and RA on the mechanical properties of SF was
examined (Fig. 2). As expected RF combined with UVA light resulted in
an increase in the Young's modulus of the SF matrices in a dose de-
pendent manner. This is due to interfibrillar crosslinking brought on by
RF. When added to collagen, RF has a significant effect on the fi-
brillogenesis kinetics under UVA, incrementing the materials stiffness
[29]. Incremental increases in RF have also been shown to increase
enzymatic degradation resistance of corneal tissue [30]. The addition of
RA to SF had no significant effect on the Young's modulus.

When corneal stromal cells were seeded onto SF matrices, they at-
tached more promptly on RF crosslinked matrices than controls (SF
matrix) [Fig. 3(a)]. While there was a significant difference between RF
crosslinked and non-crosslinked, the RF concentration used did not
have a significant effect. After 5 h ~96% of cells attached on to the
different 2.5 mM RF crosslinked SF matrices compared to ~85% at-
tachment on SF alone. A similar pattern was recorded for different RA
crosslinked SF matrices [Fig. 3(b)]. Cells adhered better onto RA
crosslinked SF matrices (~83.5%) than control (~69%), 1 h after
seeding. The variation in RA concentration did not lead to significant
differences in cellular adhesion (~97%) over the 5 h following cell
seeding. Significantly lower cellular adhesion was recorded for control
matrix compared to RA crosslinked SF matrices (p < 0.05). One pos-
sible explanation for these results is that these bioactive molecules
could have enhanced the expression of fibronectin or specific integrin
receptor subunits [31] leading to better cellular adhesion [32].

Metabolic activity increased over 21 days for all matrix composi-
tions, indicating an increase in proliferation. Metabolic activity was
significantly higher for 2.5 mM RF crosslinked SF matrices after 21 days
of culture compared to other concentration of RF crosslinked SF ma-
trices (p < 0.05) and control (p < 0.01) [Fig. 3(c)]. This RF con-
centration is similar to that used in treatments involving corneal
crosslinking – 2.66mM [18]. Metabolic activity on 10 μM RA cross-
linked SF matrices was significantly higher compared to other con-
centrations (p < 0.01) and the control group (p < 0.01) [Fig. 3(d)].
Although initially (up to day 3) there was no significant difference in
metabolic activity between different concentrations of RA crosslinked
SF matrices, by day 21 metabolic activity had increased for all

compositions. These results suggest that the matrices were biocompa-
tible.

To better understand these results, it is necessary to understand the
mechanisms by which RF affects SF and RA affect cell behavior. RF acts
as a photo sensitizer by producing free radicals (oxygen singlets), thus
activating the natural lysyl oxidase pathway – similar to the collagen
crosslinking pathway [33]. However, it is believed that the oxygen
singlets more likely induce crosslinking not through lysyl oxidase but
by production of imidazolone that attaches to certain molecules (e.g.,
histidine) forming fresh covalent bonds [34]. There is also triggering of
the ECM's endogenous carbonyl groups that form crosslinks and RF's
degradation that release 2,3-butanedione and that reacts with stromal
protein endogenous carbonyl groups [34]. The overall result of these
mechanisms is interfibrillar crosslinking and an increase in stiffness.
Retinoic acid induces corneal stromal regeneration markers through
both nuclear receptors mediated and nonnuclear receptor mediated
pathways. Primarily, it binds to RA receptors (RAR) [35] that in turn
act as transcription factors, binding to RA response elements (RARE) in
the nucleus or to retinoic X receptors (RXR) causing either transcrip-
tional activation of the target genes or repressing the retinoid-con-
trolled genes.

While RF and RA have been shown to aid corneal regeneration,
excess quantities of either of them can prove to be detrimental. RF
exposed to UV light can alter physiochemical properties of the biopo-
lymer it is crosslinking and may even affect the DNA of living cells on
the material [36]. In the cornea, exposure to UVA light after the ad-
dition of RF leads to keratocyte apoptosis [37]. Similarly, excessive RA
in cells leads to expression of disease-associated, mutated forms of
Retinol Dehydrogenase 12 [38]. These concerns stress the need for
optimized loading of both bioactive molecules. The mechanism used
here of binding RF molecules into SF matrix follows a previous method
[7]. Excited riboflavin molecules radicalize tyrosine residues that are on
the silk chain, forming dityrosine complexes that in turn link up silk
molecules. All trans RA molecules are covalently coupled with SF ma-
trix by carbodiimide coupling reactions.

Following mechanical characterization and preliminary cellular
evaluation concentration of 2.5mM RF and 10 μM RA were chosen to
be covalently coupled on SF matrices for further evaluation. Detailed,
physical, mechanical and in vitro examinations were carried out with RF
(2.5 mM) and RA (10 μM) and dual bioactive molecules (RF+RA)
crosslinked SF matrices. Matrix with solely SF was used as a control for
this study.

3.2. Physical, chemical and thermal characterization of RF and RA loaded
SF matrices

The surface topography of the SF matrices was examined by SEM
[Supplemental Fig. 1] and AFM [Fig. 4]. SEM showed a smooth flat
surface with no visible defects or pores and no variation between
samples at a micrometer range. EDS analysis of the fabricated matrices

Fig. 2. Young's modulus of (a) different concentra-
tion of RF crosslinked and (b) different concentration
of RA loaded SF matrices. A significant difference
(**p < 0.01) in Young's modulus (MPa) observed
with increased concentration of RF crosslinked SF
matrices whereas no significant increment was not
recorded for different concentration of RA grafted SF
matrices.
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[Supplemental Fig. 1] showed that percentage nitrogen increased with
the incorporation of bioactive molecules compared to the SF matrix.
There were some differences in topography at a nanoscale as shown by
AFM. The SF matrix surface was generally smooth with small single
granules present resulting in a mean surface roughness (RMS) of
3.4 ± 0.6 nm. Loading of RF led the matrix to form oval shaped
granules of lateral dimensions between 150 nm and 230 nm. They were
randomly distributed over the surface, without forming any clusters.
The RMS value for SF+RF matrix was 10.25 ± 0.45 nm. For SF+RA
matrices, granular features were 80–250 nm and covered only a small
portion of the matrix surface. The SF+RF+RA matrix topography
was very similar to SF+RA with some aggregated granules forming
clusters. The granules induced by intermolecular crosslinking of the RF
surface were much larger than those formed on the surface of SF+RA
and the aggregated granules were more regular and more densely
grouped together. The RMS value recorded for SF+RA and
SF+RF+RA were 14.87 ± 0.52 nm and 24.5 ± 0.86 nm, respec-
tively. Nanoscale topographic features from the underlying substratum
have been previously shown to directly affect cell behaviors, including
adhesion, orientation, differentiation, migration, and proliferation
[39–41]. Hence, the surface roughness of the different matrices could
act as a contributing factor in modulating cell behavior. The average

thickness of the matrix (n= 20) was calculated to be 35.2 ± 2.1 μm
using a profilometer.

ATR-FTIR spectroscopy was used to compare the chemical compo-
sition of the different matrices [Fig. 5(a)]. Of the major vibration peaks
detected, the following three vibration peaks associated with SF were
identified: 1650–1630 cm−1 for amide I (C]O stretching),
1540–1520 cm−1 for amide-II (secondary NH bending, due to β-sheet
structure), and 1270–1230 cm−1 for

amide III (CeN and NeH functionalities) [25]. Absorption peaks at
~1535 cm−1 and ~1648 cm−1 corresponded to the β-sheet structure
(amide II). Protein conformation was confirmed from the presence of an
amide I band, embodied by the C]O stretching vibration [42]. Hy-
drogen bond strength, for those between NeH and C]O groups, im-
pacts the vibration frequency in the band. Protein backbone con-
formational structure controls bond strength [43]. The main vibrational
frequencies of riboflavin in the spectral region lies between 1740 and
1100 cm−1 [44] since the C]O stretching of the carboxylic acid group
of all-trans RA is in the range of 1720 cm−1 [45]. Loading of RF and RA
on the SF matrix exhibited peak shift of the matrices. For RF crosslinked
SF matrix, Amide I and II was shifted from 1646 cm−1 to 1600 cm−1

and 1534 cm−1 to 1500 cm−1 respectively. For RA coupled SF matrix,
Amide I and II was shifted from 1646 cm−1 to 1619 cm−1 and

Fig. 3. Initial cell attachment efficiency on (a) different concentration of RF crosslinked SF matrices and (b) different concentration of RA loaded SF matrices. Total
cell metabolism on (c) different concentration of RF crosslinked SF matrices (d) different concentration of RA loaded SF matrices evaluated by Presto-blue assay.
***p < 0.001, **p < 0.01 and *p < 0.05.
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1534 cm−1 to 1512 cm−1 respectively. This indicates the inclusion of
bioactive molecules in the matrix without any major structural altera-
tion. For both matrices, SF+RF and SF+RA, a few minor absorption
peaks were observed in the range of 1740 cm−1 to
1100 cm−1(indicated by blue dotted box in Fig. 5(a)). No strong peaks
corresponding to RF and RA were observed on the spectra when over-
lapped with peaks corresponding to SF. FTIR spectra of dual bioactive
molecule loaded matrices (SF+RF+RA) contained absorption peaks
corresponding to SF and respective absorption peaks of RF and RA,
without having undergo any major transformation or peak shift. This
confirms structural stability of the matrices [46].

XRD patterns [Supplemental Fig. 2(a)] contained characteristics
peaks associated with SF, RF and RA for the fabricated matrices. The
XRD pattern for SF+RF matrix [Supplemental Fig. 2(b)] showed a
decrease in the intensities of sharp peak of RF powder. Increased water
content following crosslinking of the SF solution, resulted in a decrease
in the intensities of sharp peak of RF. Dual bioactive molecule loaded
matrix (SF+RF+RA) showed the corresponding peaks of SF, RF and
RA. However, deconvolution and broadness of the peaks were recorded
for single (SF+RF and SF+RA) and combined (SF+RF+RA)
bioactive loaded matrices due to overlapping of peak positions.

The DSC thermograms of the matrices were represented in
Supplemental Fig. 2(c). Pure silk fibroin exhibits a broad melting en-
dotherm, over a temperature range of 250–350 °C. In the present study,
the endotherm appeared at 289 °C. Melting temperatures for SF+RF,
SF+RA and SF+RF+RA shifted to 279.6 °C, 268.4 °C and 273.8 °C
respectively, indicating the effect of crosslinking and grafting with silk
fibroin. However, no clear degradation peak ascribable to the silk fi-
broin was observed between 250 °C and 350 °C, for any of the compo-
sitions.

To function as a material to replace damage cornea, the matrices
needs to have similar optical properties to a healthy cornea. The per-
centage transmittance of visible light through the matrices was between
80% and 95% with a decrease in transmittance once the light wave-
length fell into the UV region [Fig. 5(b)]. The refractive index of the SF
was calculated to be 1.45 ± 0.01. The addition of RF and RA made no
significant difference to these properties. Both the light transmittance
and the refractive index were similar to those found to human cornea
[47].

The hydrophobic/hydrophilic nature of a substrate material affect
its biocompatibility [25]. To determine the hydrophilicity of the ma-
trices, the contact angle of a drop of water on the material was

Fig. 4. AFM pictographs of different matrices show the surface topography (2 μm×2 μm scan area). Surface roughness (Rq) was calculated from AFM images using
Pico Image Basic Software.
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measured (n= 5) (Fig. 5(c)). The results show that incorporation of
bioactive molecules, reduces the hydrophobicity of the SF matrix. The
changes in surface roughness shown in Fig. 4 may in part explain this
change. The hydrophilic changes to SF could also explain why there
was an increase in cell adhesion after the addition of RF and RA mo-
lecules. Previous studies have shown a relationship between surface
wetness and cell adhesion with hydrophilic materials displaying better
adhesion than hydrophobic materials [48].

No significant distinction in Young's modulus [Fig. 6(a)] was re-
corded SF+RF+RA matrices compared to SF+RF matrices. This
agrees with the data shown in Fig. 2 where the addition of RA had no
effect on the mechanical properties of the matrices.

2.5 mM RF and 10 μM RA were loaded onto SF matrices via UV
crosslinking and carbodiimide coupling reaction respectively. The
controlled release kinetics for RF and RA loaded SF matrices in PBS,
over 28 days is shown in Fig. 6(b). Cumulative release of bioactive
molecules normalized to the amount of each molecule present in the
matrices was calculated. A burst release was observed over the first
3 days, for both molecules. This may be due to release of non-con-
jugated, physically adsorbed or loosely bound bioactive molecules.
These molecules would have been retained during the rinsing steps.
Following the burst release, there was a sustained release of both
bioactive molecules up to day 14 after with no further release was
detectable. Approximately 29% of the RF and 40% of the RA were re-
leased from the SF matrix. The sustained release of bioactive molecules

may be due to strong bonding between functional groups of bioactive
molecules and silk fibroin.

To understand the mechanism of release for bioactive molecules
incorporates into the scaffolds, the structure of SF film needed to be
considered. Release of RA from SF was higher than that of RF. SF has
two forms (termed Silk I and II) where Silk II has a semi-crystalline
structure with crystals being dispersed across the amorphous, continues
matrix of Silk I [49]. The sustained release of biomolecules embedded
in SF is dependent on the location of these molecules. Molecules may
remain in the space between β-sheets in the crystalline or nano-crys-
talline region. While Silk II is a stable structure, silk I has been known to
swell in aqueous environments [50] resulting in the silk matrix swel-
ling. A concentration gradient causes molecules in the nano-crystalline
region to release. The release is sustained by Silk II crystals and the
amorphous, polypeptide chain. The hindrance from the amorphous
polypeptide chain and increasing free space in the amorphous region in-
between the Silk II crystals can contribute to the sharp drug release
[50]. Following this sharp change, caused by gradual acclimatization to
the aqueous environment, the release rate stabilize to an equilibrium
lasting until day point 28. Similar release profiles have been observed
for other molecules embedded in silk fibroin matrices [51].

Treatment with the enzyme proteinase K over 21 days results in a
time dependent decrease in dry weight (49% loss of dry weight for SF,
58.23% for SF+RF, 52.17% for SF+RA and 55% for SF+RF+RA
[Fig. 6(c)]). There was no noticeable difference in the degradation rate

Fig. 5. (a) FTIR spectra of matrices. The dual bioactive molecule loaded matrix reveal peaks of corresponding to β sheet structure of SF and respective absorption
peaks of RF and RA without any major alterations. (b) Light transmittance and refractive index of the matrices. (c) Hydrophilicity of different matrices. Loading of
bioactive molecules significantly increased wettability of the matrices. ***p < 0.001, **p < 0.01 and *p < 0.05, n= 5 ± SD at each time point.
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following the incorporation of RF or RA. When submerged in the con-
trol PBS solution (pH 7.4), none of the matrices had any notable weight
loss [Fig. 6(d)]. Moderate biodegradation can be an important asset for
materials used to form scaffolds. It can influence cell growth and via-
bility as well as the host response [52]. Ideally, the in vivo degradation
rate of the material should match the rate of new tissue formation. Silk-
based matrix degradation, through proteinase K, has some similarities
to the degradation produced by some typical human enzymes [53].

3.3. Cell behavior on RF and RA loaded SF matrices

Corneal stromal cells more promptly attached onto bioactive mo-
lecules loaded SF matrices, compared to control matrices [Fig. 7(a)].
Within the first hour, approximately 63%, 82%, 84% and 85% of cells
had attached onto SF, SF+RF, SF+RA and SF+RF+RA matrices
respectively. There was no significant difference in cellular adhesion
between SF+RF, SF+RA and the dual loaded SF+RF+RA matrices
5 h after seeding. Increased nanoscale surface roughness of these ma-
trices is likely to have led to greater adsorption of adhesive molecules

[25] and also increased surface hydrophilicity, thus leading to im-
proved cell adherence. Cells that adhered well upon matrices are more
likely to form an organized ECM [54] which is vital for successful tissue
regeneration.

Cell metabolism was significantly higher (p < 0.01) for cells on
SF+RF+RA matrices, compared to SF+RF and SF+RA matrices
[Fig. 7(b)]. There was no significant difference between cells on
SF+RF and SF+RA matrices up to 21 days of culture. Toxicity assays
(MTT) indicated the absence of cytotoxicity on the fabricated matrices
[Fig. 7(c)]. UVA mediated crosslinking (specifically for SF+RF and
SF+RF+RA matrices) is hence unlikely to have generated any cy-
totoxic by-products in this study. All bioactive molecules loaded ma-
trices were significantly higher when compared with control (SF ma-
trix) at all day points. However, cells displayed a slow rate of
proliferation over the total culture period on all matrices, most likely
due to the use of low glucose, serum-free media. It has been demon-
strated that low glucose conditions allow human corneal stromal cells
to survive for long periods in culture while also retaining their kera-
tocyte-characteristic phenotype in serum-free conditions [55]. It should

Fig. 6. (a) Young's modulus of single (2.5 mM RF and 10 μM RA) and dual (2.5 mM RF+10 μM RA) bioactive molecule loaded SF matrices. (b) Controlled release
kinetics of RF and RA from SF matrices. The degradation of matrices at 37 °C in (c) proteinase K (Tritirachium album) solution or (d) buffer solution (PBS, pH 7.4).
The extent of degradation was expressed in terms of weight remaining at each time point.
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also be noted that metabolic activity data could be influenced by the
initial cell adhesion although the difference in metabolism between
groups are much larger than the differences in cell adhesion. No dif-
ference in the trend of cellular metabolism activity was recorded for
any of the composition, with either the higher or the lower cell con-
centration [Supplemental Fig. 3].

The viability of cells on different matrices was examined using live/
dead staining assay [Fig. 7(d)]. Cells cultured on all matrices remained
viable with no dead cells present, implying non-cytotoxicity of the
matrices. There appears to be more cells present on SF+RF+RA
matrices, followed by SF+RA and SF+RF matrices and then the
control SF matrix. This would appear to correlate with the results from
the metabolic activity assay and suggest that SF+RF+RA matrices
are the most effective at supporting cell proliferation.

The organization of a cells cytoskeleton plays an important role in
modulating cell adhesion, migration and matrix contractibility. There
appear to be an increase in actin stress fibers present in cells on
bioactive molecules loaded matrices (SF+RF, SF+RA and
SF+RF+RA) compared to controls (SF) as shown in Fig. 8(a). Upon
the control matrix, actin distribution was sparse and uneven, being
limited to the immediate vicinity of the cell and the cells themselves
were also fewer in number. Matrices with bioactive molecule also had
increased vinculin localization at focal adhesions compared to controls,
indicating better cell attachment as shown in Fig. 8(b). Focal adhesions
connect the cell cytoskeleton to the extracellular matrix and play an
important role in regulating cell migration and intracellular signaling
processes [56,57]. Quantification of cellular shape was presented in
Supplemental Fig. 2(d). There is no significant difference in cell shape
(with respect of aspect ratio) between single (SF+RF and SF+RA)
and dual bioactive molecule loaded (SF+RF+RA) matrices. A sig-
nificantly (*p < 0.05) lower aspect ratio was recorded for only SF

matrix and less stress actin was observed after 14 days of culture
(Fig. 8a). Total cell density per unit square area for SF (~4 cells/unit
square), SF+RF (~9 cells/unit square), SF+RA (~11 cells/unit
square) and SF+RF+RA (~19 cells/unit square) was calculated from
the images.

Markers associated with keratocyte and myofibroblastic phenotypes
were evaluated by immunofluorescent staining [Fig. 9]. Keratocyte
markers ALDH3A1 and keratocan were present in cells on all matrices.
αSMA, a myofibrotic marker, was not detected on SF, SF+RF or
SF+RA matrices. However, αSMA was detected in small numbers of
cells on the combined bioactive molecule loaded matrices.

Gene expression of several keratocyte markers was evaluated using
rtPCR after 14 and 28 days of culture. Addition of bioactive molecules
significantly increased the expression of ALDH3A1, keratocan, decorin
and lumican by day 28 [Fig. 10]. ALDH3A1 expression was significantly
increased for SF+RF, SF+RA and SF+RF+RA (10.2 ± 0.71,
12.52 ± 1.001 and 17.52 ± 1.22–fold increase, respectively) when
compared to SF alone at day 28 (6.23 ± 0.43–fold increase). A sig-
nificant increase in keratocan was demonstrated for SF+RF, SF+RA
and SF+RF+RA (24.52 ± 0.714, 21.57 ± 1.0016 and
27.89 ± 1.26–fold increase, respectively) compared to SF alone
(15.98 ± 0.44–fold increase). Significant increments for decorin and
lumican were also recorded for all bioactive molecule loaded matrices,
compared to control. Expression of all keratocyte markers were sig-
nificantly increased for all compositions from day 14 to day 28. Ex-
pression of collagen type I, III and V, the most abundant collagens in the
corneal stroma, were also assessed. Collagen type I, type III and type V
expression was significantly enhanced by day 28 for SF+RF
(~7.52,~6.79 and ~4.47 -fold increase respectively), SF+RA (~8.54,
~5.98 and~4.86 -fold increase respectively) and SF+RF+RA
(~11.52,~9.9 and ~7.18 -fold increase respectively) compared to

Fig. 7. (a) Initial cell attachment efficiency, (b) total cell metabolism and (c) toxicity of cells on single (SF+RF, SF+RA) and dual (SF+RF+RA) bioactive
molecule loaded SF matrices. ***p < 0.001, **p < 0.01 and *p < 0.05. (d) Viability of cells on different matrices using live/dead assay (live cells appear green
and dead cells appear red) imaged using confocal microscopy on day 7. Scale bar= 100 μm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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~3.2,~2.5 and ~2.48–fold increase in the SF matrix. The increased
expression of these proteins should lead to improved matrix deposition,
which is vital for tissue formation.

αSMA (ACTA2) gene expression, revealed that SF+RF (~0.32 and
~1.2–fold decrease), SF+RA (~0.5 and ~1.48–fold decrease) and
SF+RF+RA (~0.39 and ~1.29–fold decrease) had significantly
lower expression than SF (~0.52 and ~0.47–fold increase) at day 14
and day 28 respectively [Fig. 9]. When combined with the results from
immunocytochemical staining, it is clear that myofibroblastic differ-
entiation was limited on all the SF matrices. Only SF+RF+RA group
contained a small population of cells that stained positive for αSMA.
This result is similar to those presented in some previous studies that
also found a small percentage of cells staining positive for αSMA when
cultured in RA supplemented serum free media [58] and RA resulting in
a small increase in αSMA expression [59,60]. Some corneal stroma cells
may have become myofibroblastic during their expansion in serum
prior to being placed onto the matrices and it is probably that some of
these cells remained viable when cultured serum free on SF+RF+RA.
UVA aided riboflavin cross-linking of cornea was previously shown to
positively stain keratocytes for CD34 but remain negative for αSMA
[61].

To generate corneal tissue, cells are required to synthesize and se-
crete corneal specific ECM. In corneal stromal ECM, the most common,
negatively charged macromolecules are the glycosaminoglycan (GAG)
polysaccharides. These are normally covalently attached to

proteoglycan core proteins and make vital contributions towards cor-
neal transparency, cell adhesion, and nerve growth cone guidance [62].
Quantification of GAG synthesis for cells on SF+RF (~5.22 μg),
SF+RA (~5.01 μg) and SF+RF+RA (~7.09 μg) matrices demon-
strated that significantly more GAG was present when compared to SF
(~2.85 μg) at day 28 [Fig. 11(a)]. A similar trend was present when the
GAG was normalized to the DNA present at day 14 and 28 [Fig. 11(b)].
No significant increment of GAG production (normalized to DNA) was
recorded for the SF matrix from day 14 to day 28. Previous studies have
shown that both RF [62] and RA [63] stimulate cell proliferation and
the release of hyaluronic acid, a GAG that has a role in corneal wound
healing. In addition, GAGs such as chondroitin sulphate and keratan
sulphate are necessary to control inter-fibril spacing and corneal
transparency [64].

Since the focus of this study was to examine the effect that in-
corporating biomolecules into SF had on corneal stromal cells rather
than directly developing a scaffold that is immediately implantable,
some modifications to the matrices are likely to be required prior to
their use in vivo. Since no pores were visible via SEM, we expect that
cells can only migrate over the matrix surface rather than through
them. Pores could be incorporated into the matrices via techniques such
as solvent casting [65] or electrospinning [66]. Alternatively, since the
matrices are very thin, once cells are confluent on the matrix, multiple
layers could be stacked upon each other to generate a 3D engineered
stroma.

Fig. 8. Confocal images of corneal stromal cells after 14 days in culture after staining (a) actin filaments (red) and nuclei (blue) or (b) vinculin (green) and nuclei
(blue). Scale bar= 100 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Immunofluorescent staining of protein markers ALDH3A1, αSMA and keratocan, (all green) and nuclei (blue) after 14 days in culture. Scale bar= 100 μm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Fold change gene expression analysis of corneal keratocyte-specific markers ALDH3A1, KERA, DCN and LUM; extracellular matrix markers COL1A1,
COL3A1, COL5A1 and myofibroblastic marker αSMA as quantified by rtPCR. Gene expression is normalized to GAPDH. ***p < 0.001, **p < 0.01 and *p < 0.05.
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The culmination of all these observations strongly favors the
strategy of dual bioactive molecule loading as an attractive option,
suitable for further explorations in corneal stromal regeneration.
Further improvements can be achieved by optimizing the quantity,
delivery rate and mode, and proportion of the molecules. In addition,
these molecules have the potential to be incorporated into different
types of SF scaffolds.

4. Conclusion

In the present study, it has been demonstrated that the covalently
coupling of bioactive molecules together (Riboflavin and all-trans
Retinoic acid) into silk fibroin matrix positively influence corneal
stromal cell behavior. The findings from detailed in vitro studies show
that combined loading of bioactive molecules was better at supporting
cell adhesion, proliferation, ECM formation, and keratocyte-associated
gene expression. This confirms our hypothesis regarding the use of a
combination of bioactive molecules to generate a suitable matrix for
corneal regeneration. Further studies will examine the incorporation of
multiple regulatory signals, stemming from growth factors, into cell-
based tissue engineering systems that promise to open doors towards
more potent and productive corneal tissue regeneration therapies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2019.110093.
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