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Abstract

Corneal transplantation is the current gold standard treatment to restore visual acuity

to patients with severe corneal diseases and injuries. Due to severe donor tissue short-

age, efforts to develop a corneal equivalent have been made but the challenge remains

unmet. Another issue of concern in ocular surgery is the difficult instillation and fast

drainage of antibiotic ocular eye drops as bacterial infections can jeopardize implant

success by delaying or impairing tissue healing. In this study, we developed antimicro-

bial silk-based hydrogels that have the potential to be photoactivated in situ, fully

adapting to the corneal injury shape. Gentamicin-loaded methacrylated-silk (SilkMA)

hydrogels were prepared within minutes using low UV intensity (3 mW/cm2). SilkMA

gels provided a Young's modulus between 21 and 79 kPa together with a light trans-

mittance spectrum and water content (83%–90%) similar to the human cornea. Poly-

mer concentration (15%–25%) was found to offer a tool for tailoring the physical

properties of the hydrogels. We confirmed that the methacrylation did not affect the

material's in vitro degradation and biocompatibility by observing fibroblast adhesion

and proliferation. Importantly, agar diffusion tests showed that the synthesized hydro-

gels were able to inhibit Staphylococcus aureus and Pseudomonas aeruginosa growth for

72 h. These characteristics along with their injectability and viscoelasticity demonstrate

the potential of SilkMA hydrogels to be applied in several soft tissue engineering fields.

As such, for the first time we demonstrate the potential of photocurable antimicrobial

SilkMA hydrogels as a novel biomaterial to facilitate corneal regeneration.
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1 | INTRODUCTION

The cornea is a transparent avascular tissue located on the outermost

surface of the eye. It is responsible for the protection of the inner

ocular structures against trauma and infections, while playing a pivotal

role in light transmission and focusing (80% of the eye refractive

power).1–3 Corneal diseases and injuries can lead to corneal thinning

and opacification, eventually leading to blindness. Currently, corneal

blindness is estimated to affect 23 million people worldwide, with less

than 1.5% of patients benefiting from a corneal transplant due to

severe tissue shortage.2,4 Although imposing risks of donor driven
[Corrections updated on 17th Mar 2022; after first online publication. The word “methacrylic

anhydride side groups” has been changed to “methacrylate side groups”.]
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infection and rejection, corneal transplantation is still the gold stan-

dard treatment to restore visual acuity to patients .2,5,6 Fully synthetic

prostheses KPro (keratoprosthese) are currently the only non-

allogenic treatment approved for human use.7 Although innovations

in prosthesis design and postoperative management has improved

treatment outcomes,8 this procedure is associated with serious com-

plications, such as glaucoma, retinal detachment and infections, while

also requiring a high level of skill from the practitioner.9 Due to the

limitations of current clinical strategies, there has been extensive

research focused on the use of polymeric biomaterials to replace dam-

aged corneal tissue.2,4 The use of injectable polymeric biomaterials

such as hydrogels are favorable as they can either be administered

directly to the corneal injury and crosslinked in situ using different

methods2,4,10–13 or 3D printed into complex and anatomically relevant

geometries.5,6,14,15 Upon implantation the artificial corneal substitute

should act as a functional cornea nurturing tissue ingrowth and regen-

eration with low inflammatory host response. The engineered material

should also be fully biodegradable, eliminating the need for further

surgeries.16 Challenges associated with bioengineered corneal substi-

tutes include high optical transparency, sufficient cohesive strength to

withstand the intraocular pressure (IOP) and eye movements, perme-

ability to metabolites, and ability to prevent infections while sustain-

ing epithelial and stromal cell-ingrowth.

Recently, efforts to develop stromal fillers and corneal substitutes

have been made.2,4,12,17 Fernandes-Cunha et al. developed collagen

hydrogels cross-linked via multi-arm-PEG-N-hydroxysuccinimide

(NHS). The gels were cross-linked within 5–10 min without the use of

catalysts and its physical properties were modulated as function of

the PEG concentration and number of arms. In vivo studies demon-

strated that the hydrogels could be formed in situ without the use of

sutures and were proven to support multi-layered re-epithelization.4

Chen et al. used strain-promoted azide-alkyne cycloaddition to

crosslink hyaluronate-collagen hydrogels under ambient conditions

without the need for external initiators. The material showed a trans-

mittance over 95% in the visible range. Hydrogels were crosslinked in

situ without the need of sutures and remained clear on the rabbit cor-

neal defect for 7 days supporting re-epithelization.2 However,

although these strategies do not require any external triggers or cata-

lysts, they might not be suitable for applications that require fast

cross-linking (30–120 s) or cell-encapsulation given the

chemistry used.

Light-mediated hydrogel gelation has immense potential for regener-

ative medicine as cell-laden hydrogels can be cross-linked within minutes

in mild environmental conditions. Importantly, photocurable hydrogels

provide the clinician with increased flexibility in controlling in situ gela-

tion when compared with other methods.2,4 These photosensitive

polymers have the potential to be applied as stromal fillers (in situ cross-

linking)1,3,11,12,18 or used to develop a patient-specific artificial cornea

using 3D printing technologies such as lithography and extrusion-based

bioprinting.5,15,19–21 Sani et al. developed a highly biocompatible and

transparent GelMA-based filler for corneal reconstruction. The hydrogels

were photocured within minutes using visible light (100 mW/cm2) and a

photoinitiator solution composed of Eosin Y (photoinitiator), TEA

(co-initiator), and VC (co-monomer). In vivo studies performed using a

rabbit stromal defect model demonstrated the sealing efficacy of the

material while allowing re-epithelization and stromal regeneration.18

Silk fibroin (SF)-based biomaterials have been extensively stud-

ied for numerous tissue engineering applications due to their ame-

nability to modification, outstanding transparency, mechanical

strength, and biodegradability, making it an attractive material for

corneal regenerative applications.22,23 In particular, SF membranes

have been widely explored for corneal and retinal reconstruction

due to their permeability and high transparency (90.6%).24–26 How-

ever, most studies concerning SF hydrogels are based on the pro-

tein self-assembly into β-sheet-rich networks.27 Despite providing

strength to the hydrogels through physical crosslinking, these

β-sheet structures decrease the optical clarity and elasticity of the

gels since the crystals block long-range molecular displacements.

Furthermore, the clinical application of these materials is limited due

to the long gelation times and harsh environmental conditions used to

induce β-sheet formation (e.g., low pH, vortexing, or methanol treat-

ments).27 Thus, chemically modifying SF via the addition of methacrylate

side groups allows for the covalent crosslinking of SF hydrogels via pho-

tocrosslinking. This provides increased mechanical strength but also

allows for greater control of the in situ cross-linking kinetics. Finally, Sil-

kMA prepolymer solutions are injectable and liquid at room temperature

which makes solution handling easier than gelatin or GelMA. Thus, there

is tremendous potential of harnessing photocurable SF-based hydrogels

for corneal regeneration.

Bacterial infections can cause corneal scarring and prolong or impair

the wound healing process.28,29 Therefore, the application of antibiotic

eye drops and ointments is standard procedure post-surgery. However,

its efficacy is limited due to fast ocular drainage and difficulties in instilla-

tion.30 The hydrophilic nature of SF provides a solubilizing environment

for antibiotics, anti-inflammatory agents, and growth factors, ultimately

increasing the functionality of the medical device.31

In this study, we investigated the development of a photocurable

antimicrobial SF hydrogel for corneal regeneration. SF was modified

by methacrylation to yield a photosensitive solution that can be chem-

ically cross-linked within minutes using UV light. As shown in

Figure 1, the physical, mechanical, and biological properties of

methacrylated-silk (SilkMA) hydrogels, including water content, rheol-

ogy, porosity, compressive modulus, degradation, and in vitro biocom-

patibility were studied. Finally, the drug release profile and

antimicrobial properties of gentamicin-loaded SilkMA were assessed.

The development of a semi-synthetic silk-based hydrogel has poten-

tial to be applied in ocular surface reconstruction due to its viscoelas-

ticity, cytocompatibility, and antimicrobial properties.

2 | METHODS

2.1 | Silk fibroin extraction

Bombyx Mori cocoons were supplied by The Yarn Tree (Roanoke).

Each cocoon was sliced into four pieces and the silkworms were
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discarded. To remove the sericin, 10 g of sliced cocoons were boiled

in 4 L of 0.02 M Na2SO3 (Acros Organics, Belgium) for 30 min. Subse-

quently, the degummed silk fibroin (SF) was washed three times in 2 L

of distilled water for 20 min and left in a fume hood overnight to dry

at room temperature.

2.2 | SilkMA synthesis

Briefly, 25% (wt/vol) of degummed SF solution was prepared by

pouring a 9.3 M lithium bromide (LiBr) solution (Acros Organics,

Belgium) on the tightly packed degummed silk fibroin fibers. After

incubation at 60�C for 1 h, the fibers were completely dissolved and

glycidyl methacrylate (GMA) (Sigma-Aldrich) was added to the solu-

tion (10% vol/vol) and allowed to react for 3 h at 60�C with a stirring

speed of 300 rpm. The solution was then dialyzed against distilled

water for 7 days at 4�C using 12–14 kDa cut-off dialysis tubes

(Thermo Scientific). After dialysis, the SilkMA solution was diluted to

2% (wt/vol), and the pH adjusted to 7.4 using 1 mM sodium hydroxide

solution (Sigma-Aldrich). Lastly, SilkMA solutions were lyophilized for

2 days to generate a white porous foam, which was stored at �80�C

until further use.

2.3 | Degree of methacrylation

The degree of methacrylation (DM%) was quantified by proton nuclear

magnetic resonance (1H-NMR). Briefly, 5 mg of SilkMA were dissolved in

600 μl deuterium oxide (Sigma-Aldrich). The 1H-NMR spectra of raw SF

and SilkMA were recorded using a Bruker NEO NMR spectrometer fitted

with a “smart”-BBFO probe (Bruker, Austria) operating at 400 MHz for

1 h. Spectra were recorded at 25�C using 250 scans and a delay of 12 s

between scans. Baseline and phase correction were applied before inte-

grating the peaks of interest with Topspin software (Bruker, Austria). The

signal from the aromatic amino acids (6.9–7.5 ppm) was used as the

internal reference to normalize the amine signals (2.83–3.14 ppm).19 As

GMA reacts with SF through the primary amines on lysine residues, the

extent of substitution was calculated by normalization to the number of

free amino groups of original SF. The degree of methacrylation was cal-

culated using the following equation:

F IGURE 1 Experimental outline investigating the properties of gentamicin-loaded SilkMA hydrogels. (1) Photocrosslinking of 15%, 20%, and
25% gentamicin-loaded SilkMA hydrogels. The transparency in the visible range, swelling, in vitro degradation, porosity/pore size, compressive
Young's modulus, and rheological properties of the SilkMA hydrogels were studied. (2) In vitro cytocompatibility of gentamicin-loaded SilkMA
hydrogels. Firstly, the cytocompatibility of SF and SilkMA prepolymer solutions and SilkMA hydrogels was assessed. Then, the ability of human

dermal fibroblast (HDF) cells to attach and proliferate on SilkMA hydrogels was studied and compared with GelMA hydrogels. (3) In vitro
gentamicin drug release from SilkMA hydrogels. The cumulative drug release of gentamicin from SilkMA hydrogels and gentamicin concentration
in the media were calculated. (4) Antimicrobial testing of gentamicin-SilkMA hydrogels. The antimicrobial activity of SilkMA hydrogels against two
of the most common causes of ocular infections, Staphylococcus aureus and Pseudomonas aeruginosa was assessed in vitro
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DM %ð Þ¼ lysine integration signal of SilkMA
lysine integration signal of SF

�100 ð1Þ

2.4 | Preparation of gentamicin-loaded SilkMA gels

In this work, three different formulations were tested: 15%, 20%, and

25% (wt/vol) SilkMA gels loaded with 0.2% (wt/vol) gentamicin sul-

phate (G-Biosciences). Briefly, 15%, 20%, and 25% SilkMA solutions

were prepared by dissolving an appropriate amount of SilkMA in

phosphate-buffered saline (PBS, pH 7.4) (Sigma-Aldrich, UK) at room

temperature overnight. The resulting viscous solutions were filtrated

using Miracloth (Merck Millipore). A fresh stock solution of 2%

(wt/vol) lithium phenyl-2,4,6-trimethylbenzoylphospinate (LAP)

(Sigma-Aldrich, UK) in PBS was prepared. The photoinitiator was

added to the SilkMA solution to a final concentration of 0.5% (wt/vol)

and the resulting solution was mixed at room temperature. The hydro-

gel precursor solutions were photocured through UV-light using an

OmniCure S1500 (Lumen Dynamics, Ontario, Canada) with a 365 nm

filter. Briefly, 200 μl of SilkMA prepolymer solution was pipetted onto

a 12 mm cylindrical mold and then exposed to 3 mW/cm2 of UV-A

for 5 min.

2.5 | Transparency

Light absorbance of hydrogels in the visible range (400–800 nm) was

measured using a microplate reader (Spark Multimode, Tecan,

Switzerland). The measurements were carried out in triplicate using

SilkMA hydrogels (radius = 6 mm, thickness = 1.2 mm) in PBS with

pure PBS serving as a blank control. Subsequently, the transmittance

was calculated using Equation (2).

Transmittance %ð Þ¼102�Absorbance ð2Þ

2.6 | Swelling properties

SilkMA hydrogels with a radius of 6 mm and a thickness of 1.2 mm

were prepared. Immediately after calculating the initial hydrogel

weight (mt0), three samples from each condition were immediately

freeze-dried (mt0,dry) and three samples were hydrated in PBS and

placed in an incubator at 32�C. After 24 h, samples were blotted dry

using filter paper and the swollen weight (mswollen) was measured.

Finally, the swollen hydrogels were lyophilized and weighed to deter-

mine the dry sample weight (mswollen,dry). The sol fraction is a measure-

ment of the macromers not crosslinked in the hydrogel network and

was defined as the mass loss after 24h.32,33 The mass swelling ratio

(q), water content (WC), and mass loss were calculated according to

the following equations:

Mass swelling ratio qð Þ¼ mswollen

mt0,dry
ð3Þ

Water content %ð Þ¼mswollen�mt0,dry

mswollen
�100 ð4Þ

Mass loss %ð Þ¼mt0,dry�mswollen,dry

mt0,dry
�100 ð5Þ

The thickness of the fresh and swollen hydrogels was estimated using

ImageJ software (version 2.0) and the expansion (%) in PBS after 24 h

calculated. Tests were performed in triplicate.

2.7 | Rheological characterization

The storage modulus (G0) and loss modulus (G00) of freshly prepared

hydrogels were measured in oscillatory mode. A frequency sweep was

conducted between 0.01 and 10 Hz at 0.5% shear strain at 32�C using

a plate-plate geometry (Kinexus Pro+, Malvern, UK). The experiments

were conducted in triplicate. The damping factor (tan δÞ was calcu-

lated using the following equation:

tanδ¼G0 0

G0 ð6Þ

2.8 | Enzymatic degradation

Disc-shaped hydrogels (radius = 3 mm, thickness = 2 mm) were pre-

pared as previously described. After photocrosslinking, five samples of

each group were immediately freeze-dried to calculate the initial

weight. To determine the in vitro degradation, five samples of each

group were placed in 1.5 ml tubes with 1 ml of 1 U/ml collagenase II

in PBS (Fisher Scientific, UK) or in 1 ml PBS (control group) and incu-

bated at 32�C for 2, 5, and 7 days. At the end of the incubation period

the hydrogels were lyophilized. The degradation was calculated using

the following equation:

Degradation %ð Þ¼mt0,dry�mdry

mdry
�100 ð7Þ

Where mt0,dry is the initial dry weight of the hydrogels and mdry is the

final dry weight of the sample after degradation (n = 5).

2.9 | Micro-computed tomography

Freeze-dried hydrogels were scanned using the Skyscan 1172

(Bruker, Germany) with 80 kV beam voltage and 100 μA current,

140 ms exposure per projection, 12.99 μm pixel size, rotation step

0.6� and 4 frame averaging. The same parameters were used for all

scans. 2D projections were reconstructed and visualized using
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NRecon (Version 1.6.10, Bruker) and CTVox (Version 3.0, Bruker),

respectively. Further numerical analysis was performed in CTAn

(Bruker).

2.10 | Scanning electron microscopy

Scanning electron microscopy (SEM) was used to assess the morphol-

ogy and pore size of freeze-dried hydrogels. All samples (diameter

= 6 mm, thickness = 2 mm) were mounted onto aluminum stubs

using carbon tape and gold sputter coated. Images were captured

using a TM3030Plus benchtop SEM (Hitachi High Technologies,

Schaumburg) at an electron acceleration voltage of 15 kV.

2.11 | Mechanical characterization

Cyclic testing was performed using an Instron 5542 mechanical tes-

ter (Instron) with a 2 kN load cell. Cylindrical hydrogels

(radius = 4 mm, thickness = 2 mm) were prepared as previously

described and incubated in PBS for 4 h prior to testing. The dimen-

sions of the samples were determined using a digital caliper. Com-

pressive tests were performed at a rate of 1 mm/min up to a

maximum strain of 60% of the original height by performing

8 cycles of loading and unloading. The compressive strain (mm) and

load (N) was recorded using Bluehill 3 software. The Young's modu-

lus was calculated from the slope of the linear region on the stress

(kPa) versus strain (mm/mm) curves. Samples were tested in tripli-

cate for each condition.

2.12 | In vitro cytocompatibility of SilkMA
hydrogels

Human Dermal Fibroblasts (HDFs—ATCC Cat. PCS-201-012; Passage

number 9) were cultured in Dulbecco's modified eagle medium

(DMEM—Sigma-Aldrich, UK) and supplemented with 10% fetal bovine

serum (Sigma-Aldrich, UK), 1% penicillin/streptomycin (Sigma-Aldrich,

UK) and 2 mM L-glutamine (Sigma-Aldrich, UK). All cultures were

maintained in tissue culture treated polystyrene flasks at 37�C with

5% CO2 in a humidified incubator and passaged at 80% confluency.

2.12.1 | Cell viability

Fifteen percent SF and SilkMA pre-polymer solutions and SilkMA

hydrogels were UV-sterilized for 20 min prior to use. Tissue culture

treated 24-well plates (Corning, UK) were initially seeded with HDFs

(1 � 104 cells/well). After 24 h, 100 μl of each sample was added to

24 well ThinCert cell culture inserts (Greiner Bio-One, UK) with

0.4 μm pore size. The monolayer cultures were incubated at 37�C

with 5% CO2 in a humidified incubator. Cell viability was evaluated

using a Live/Dead assay (Thermo Fisher, UK) according to the

manufacturer's instructions. Briefly, SYTO 10 green fluorescent

nucleic acid stain (2 μl/ml) and ethidium homodimer-2 nucleic acid

stain (2 μl/ml) were diluted in PBS to form the staining solution. At

each time point, cell medium was removed, and samples were incu-

bated with the staining solution for 15 min in the dark at 37�C. The

staining solution was removed, and the samples were washed twice

with PBS. The monolayer cultures were imaged with a fluorescent

microscope (EVOS M5000, Thermo Fisher, UK) at days 1 and 3.

2.12.2 | 2D cell seeding on SilkMA gels

Fifteen percent SilkMA pre-polymer solutions were prepared as previ-

ously described and gelatin methacryloyl (GelMA - type A, bloom 300)

was used as the control. Briefly, 15% (wt/vol) GelMA pre-polymer

solution was prepared by dissolving an appropriate amount of poly-

mer in PBS at 37�C for 30 min. Then, LAP was added to the GelMA

solution to a final concentration of 0.5% (wt/vol) and the resulting

solution was mixed at 37�C. SilkMA and GelMA pre-polymer solutions

were UV-sterilized and photocrosslinked as described above in

48-well suspension cell culture plates (Sarstedt, UK). After curing, the

hydrogels were washed with sterile PBS (Sigma-Aldrich, UK) for

15 min and soaked in supplemented DMEM overnight. One hour

before cell seeding, the hydrogel matrices were partially dried to

potentiate cell penetration. Then, 60 μl of cell suspension was added

drop-wise onto each hydrogel (9 � 103 cells per scaffold) and samples

were incubated for 1 h at 37�C with 5% CO2 to bolster cell adhesion.

After 1 h, DMEM was carefully added to the wells without disturbing

the cell-laden hydrogels.34 Culture medium was changed every

2 days.

2.12.3 | 2D cell metabolic activity

AlamarBlue™ assay (Thermo Fisher, UK) was used to determinate the

relative metabolic activity according to the manufacturer's protocol.

Briefly, the samples were incubated with 0.5 ml of 10% alamarBlue™

reagent in culture medium for 4 h at 37�C with 5% CO2. Thereafter,

50 μl of cell culture medium were transferred to a 96-well plate

(Corning, UK) and the fluorescence intensity was measured with a

microplate reader (Spark Multimode, Tecan, Switzerland) using an

excitation wavelength of 540 nm and an emission wavelength of

590 nm. Acellular hydrogels were used as a negative control and their

fluorescence was subtracted from the same group seeded hydrogels

to account for the background (n ≥4).

2.13 | In vitro release of gentamicin from
SilkMA gels

To study the in vitro drug release profile of gentamicin from SilkMA

hydrogels, samples were incubated in 0.5 ml PBS in 48-well tissue-culture

plates at 32�C. As prepared SilkMA hydrogels were used as blank. At each
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time point, 33 μl of media was withdrawn from the well and immediately

mixed with 33 μl of phthaldialdhehyde reagent (OPA, Sigma-

Aldrich, UK) and 33 μl isopropanol (Sigma-Aldrich, UK) in a 96-well

UV-transparent microplate (Greiner Bio-One, UK). The withdrawn

samples were replaced with equal volumes of fresh PBS. Gentami-

cin release was measured with a microplate reader (Spark

Multimode, Tecan, Switzerland) in fluorescence using an excitation

wavelength of 340 nm and an emission wavelength of 430 nm. The

concentration of gentamicin was extrapolated from a previously

validated calibration curve and divided by the total amount of

gentamicin encapsulated in the hydrogel to obtain the percentage

released (n = 5).

2.14 | In vitro antimicrobial efficacy testing

2.14.1 | Preparation of bacterial inocula

Luria Bertani broth (Sigma-Aldrich, UK) and Luria Bertani broth with

agar (Sigma-Aldrich, UK) were prepared using distilled water and at

concentrations of 20 and 35 g/L, respectively. Both broth and broth

with agar were then sterilized via autoclaving for 20 min at 121�C

under 100 KPa of pressure (Astell, UK). Overnight cultures of Staphy-

lococcus aureus (ATCC 29213) and Pseudomonas aeruginosa (NCTC

13437) were prepared whereby one bacterial colony was inoculated

in 5 ml of LB broth. Using a Jenway 6300 UV–VIS spectrophotometer

(Cole Parmer, UK) optical density measurements were taken at

600 nm for each overnight culture. Cultures were then diluted to an

optical density of 0.06. Luria Bertani broth with agar was poured to

form agar plates. These were then inoculated with the bacterial cul-

tures using a hockey stick spreader.

2.14.2 | Zones of inhibition

Fifteen percent and 20% gentamicin loaded SilkMA gels prepared as pre-

viously described, were placed onto the inoculated plates and incubated

at 37�C for 24 h. The zones of inhibition (ZOI) formed from inhibited

bacterial growth were then measured and recorded. SilkMA gels were

then transferred from the 24 h plates onto freshly inoculated agar plates,

incubated for a further 24 h and with measurements taken at 48 h. This

process was repeated to obtain inhibitory results after 72 h. Each SilkMA

formulation and bacterial strain were run in triplicate.

2.15 | Statistical analysis

For each experiment, at least three samples were tested. One or two-

way analysis of variance (ANOVA) and the Tukey test were used to

determine statistically significant differences with GraphPad Prism 8.0

software. The level of significance was set at p <.05. Data are pres-

ented as mean value ± SD.

3 | RESULTS

3.1 | Physicochemical characterization of
SilkMA Gels

H1-NMR spectroscopy showed that 35%–40% of SF lysine groups

were functionalized with methacrylate groups (Figure S1). Three dif-

ferent SilkMA hydrogel concentrations (wt/vol %) were prepared:

15%, 20%, and 25%. The optical transmittance measurements of Sil-

kMA hydrogels in the visible range (400–800 nm) are shown in

Figure 2A,B. The transparency of 15% and 20% SilkMA hydrogels was

83 ± 3% and 80 ± 1%, respectively, with both hydrogels showing high

optical clarity (Figure 2C).35 However, a negative correlation between

hydrogel concentration and transmittance was observed, with 25%

hydrogels having a statistically significant lower transparency (63

± 2%) compared with 15% and 20% (p <.001). To determine the mass

swelling ratio (q), water content and the expansion, hydrogels were

incubated in PBS at the ocular temperature (32�C) for 24 h. The swell-

ing characteristics were inversely proportional to the polymer concen-

tration; the q of the 15, 20 and 25% gel was 9.8 ± 0.2, 8.6 ± 0.2, and

5.8 ± 0.1 respectively, with 15% and 20% (p <.0001) showing a signifi-

cantly higher q values compared with 25% (Figure 2D). The water

content results followed a similar trend, with 15% (89.8 ± 0.3%) and

20% (88.3 ± 0.4%) exhibiting significantly higher values (p <.0001)

compared with 25% (82.7 ± 0.3%) (Figure 2E). As shown in Figure 2F,

15% SilkMA hydrogels (28.5 ± 7.1) exhibited a twofold significant

higher expansion in PBS compared with 20% (14.4 ± 4.7) and 25%

(14.3 ± 4.1) gels (p <.05).

Storage modulus (G0) and loss modulus (G00) represent the elastic

and reversible response of the materials and the viscous and irrevers-

ible rearrangement of the polymeric structure of the hydrogel, respec-

tively.36 As shown in Figure 3A, G0 is one order of magnitude higher

than G00 regardless of the SilkMA concentration, which is a typical

behavior of elastomeric materials.19 Moreover, a positive correlation

between the rheological properties and polymer concentration was

observed (Figure 3B,C); 25% (10.4 ± 0.2 kPa) hydrogels had a signifi-

cantly higher G0 than 20% (3.0 ± 0.4 kPa, p <.0001) and 15% (1.1

± 0.3 kPa, p <.0001) hydrogels by 3 and ninefold, respectively, while

20% hydrogels shown a threefold higher G0 than 15% gels (p <.001).

Despite observing a nonsignificant difference in G00 between 15% and

20% SilkMA gels, G00 was proportional to the polymer concentration,

ranging from 45 to 568 Pa for 15% and 25% hydrogels, respectively;

25% SilkMA hydrogels presented greater G00 than 15% (p <.001) and

20% (164 Pa, p <.001) gels by a 4 and 12-fold factor. Finally, the

damping factor was lower than 0.06 for all the groups studied,

suggesting a solid-like behavior (Figure 3D).37

The in vitro susceptibility of SilkMA gels to enzymatic degrada-

tion was studied by incubating the hydrogels in 1 U/ml collagenase II

for up to 7 days. Our results show that there was a time-dependent

increase in degradation, with higher polymer concentrations exhibiting

lower mass loss over time. As shown in Figure 4A, no significant dif-

ferences were observed between the groups after 2 and 5 days of

incubation. However, at day 7, 15% SilkMA gels were completely
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degraded, while 20% and 25% SilkMA showed a degradation of 88

± 2% and 69 ± 12% (p <.01), respectively. Due to the importance of

the optical and swelling properties in the design of materials for cor-

neal engineering, only SilkMA 15% and 20%, formulations with similar

F IGURE 2 SilkMA hydrogels transparency (n = 3): (A) transmittance profiles, (B) average optical transmittance in the visible range, and
(C) optical clarity. Hydrogel diameter = 10 mm. Swelling characteristics of SilkMA hydrogels in PBS at 32�C (n = 3): (D) swelling ratio (q), (E) water
content (%), and (F) expansion (%). Data presented as mean value ± SD (*p<.0001)

F IGURE 3 Rheological properties of SilkMA hydrogels (n = 3): (A) representative frequency sweep, (B) storage modulus (G0), (C) loss modulus
(G00) and (D) damping factor (tan ∂). Data presented as mean value ± SD (*p<.05, **p<.01, ***p<.001, ****p<.0001)
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characteristics to the human cornea, were chosen for further charac-

terization.38 The crosslinking efficiency was measured by mass loss,

which is defined by the amount of uncrosslinked polymer after photo-

curing.39 Regardless of the polymer concentration, there was no sig-

nificant difference in mass loss (’5%, Figure 4B), suggesting that the

increase in concentration and viscosity did not impact the mixing

between the polymer and the photoinitiator/gentamicin solution or

the free radical diffusion within the material during crosslinking.

Finally, the mechanical performance of the SilkMA hydrogels was

assessed by compressive mechanical testing (Figure 4C). In agreement

with the rheology data, 20% hydrogels showed a significantly higher

Young's modulus than 15% gels (p <.0001). Specifically, the Young's

modulus was 21 ± 2 kPa for 15% and 79 ± 2 kPa for 20%, a fourfold

increase (Figure 4D).

The microstructure and morphology of SilkMA hydrogels were

investigated using micro-CT and SEM analysis. Micro-CT scanning

was used to determine the porosity, pore size and pore wall thickness

within the 15% and 20% SilkMA hydrogels (Figure 5A). As shown in

Figure 5B, the total porosity was 79 ± 2% and 72 ± 2% for 15 and

20% SilkMA (p <.05), respectively. However, despite the differences

in porosity, the scaffolds exhibited similar pore thickness (’26 μm,

Figure 5C) and pore size distributions (Figure 5D,E), with a mean pore

size of 56 ± 4 μm and 56 ± 3 μm for 15% and 20% SilkMA scaffolds,

respectively (Figure 5F). SEM images revealed a uniform and inter-

connected pore structure for both groups (Figure 5G,H).

3.2 | In vitro assessment of cytocompatibility

The cytocompatibiliy of SF and SilkMA prepolymer solutions and Sil-

kMA hydrogels was studied using HDF cells seeded on tissue culture

well-plates. Fluorescence staining (Figure 6A) indicates high cell viabil-

ity (> 90%) for all tested conditions, suggesting that SF and SilkMA

materials did not induce toxicity. After 72 h, cells reached confluency

for all groups studied. Furthermore, the ability of SilkMA gels to sup-

port cell attachment and proliferation was studied by direct seeding

of HDF cells on SilkMA hydrogels and compared with GelMA, another

semisynthetic-polymer and broadly used material for 3D cell culture

applications.40 As shown in Figure 6B, the metabolic activity progres-

sively increased over the course of 14 days for both groups studied.

The difference between the metabolic activity of HDF cells seeded on

GelMA and SilkMA is only statistically significant at day 1 (p <.0001),

with cells seeded on SilkMA hydrogels exhibiting a 47% lower meta-

bolic activity. On days 2, 7, and 14, there was a 10% difference in cell

metabolic activity between GelMA and SilkMA samples, however, it is

not statistically significant (Figure 6B).

3.3 | In vitro drug release studies

The release kinetics of gentamicin from 15% and 20% SilkMA hydro-

gels was studied. As shown in Figure 7A, 15 and 20% hydrogels

F IGURE 4 (A) In vitro
degradation of SilkMA hydrogels
incubated in 1 U/ml collagenase
II at 32�C for 2, 5, and 7 days
(n = 5). (B) Measurement of the
macromers not crosslinked in the
hydrogel network after
photocrosslinking (mass loss, %)
(n = 3). Cyclic compressive
mechanical testing of SilkMA
hydrogels (n = 3):
(C) representative compressive
strain-stress curves and
(D) Young's moduli. Data
presented as mean value ± SD
(*p<.05, **p<.01, ***p<.001,
****p<.0001)
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released 53 ± 4% and 33 ± 8% (p <.02) of the total content of genta-

micin within 1 h. After 2 and 5 h, 15% SilkMA gels released 84 ± 4%

and 92 ± 4% (p >0.05), respectively, of the total gentamicin encapsu-

lated, while 20% SilkMA hydrogels delivered 55 ± 4% and 72 ± 13%

(p <.02), respectively. The concentration of gentamicin in the media

after 24 and 48 h was determined and compared with the minimum

inhibitory concentration (MIC) of gentamicin for S.aureus and P.

aeruginosa. Fifteen percent and 20% SilkMA hydrogel delivered con-

centrations above the MIC for S.aureus (8 μg/ml) and P.aeuruginosa

(2 μg/ml) after 24 and 48 h incubation.41 As shown in Figure 7B, the

concentration of gentamicin in the media was �85 ± 6 μg/ml and 15

± 2 μg/ml after 24 and 48 h, respectively, for both groups.

3.4 | Antimicrobial efficacy testing

Agar diffusion tests were performed to study the antimicrobial effi-

cacy of gentamicin-loaded SilkMA gels against S.aureus and P.

aeruginosa. Briefly, 15% and 20% SilkMA gels were prepared and

placed on culture dishes uniformly covered with S.aureus or P.

aeruginosa. After incubation at 37�C for 24 h, the zones of inhibition

(ZOI) were recorded, and the same hydrogel was transferred to a

freshly inoculated plate. This process was repeated until a ZOI was

present. As shown in Figure 7D,E, both 15 and 20% SilkMA hydrogels

inhibited the growth of S.aureus and P.aeruginosa for 72 h. However,

no statistical difference was observed between the ZOI of 15 and

F IGURE 5 Morphology and microstructure analysis of SilkMA hydrogels after freeze drying (n = 3): (A) 3D micro-CT reconstruction and 2D
images (slices) of SilkMA scaffolds. Diameter = 7 mm. Quantitative analysis of porosity by micro-CT: (B) total porosity, (C) mean pore thickness,
(D,E) pore size distribution in the hydrogels, and (F) mean pore size. Representative SEM images of freeze-dried SilkMA scaffolds: (G) 15%
SilkMA, and (H) 20% SilkMA. Scale bar: 150 μm. Data presented as mean value ± SD (*p<.05, **p<.01, ***p<.001, ****p<.0001)
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20% SilkMA hydrogels throughout the experiment (Figure 7C). ZOI

varied from 2.6 ± 0.2 cm and 3.0 ± 0.3 cm after 24 h to 1.4 ± 0.1 cm

and 1.5 ± 0.1 cm after 72 h for S.aureus and P.aeruginosa, respectively

(Figure 7C). Finally, gentamicin-free SilkMA gels did not inhibit bacte-

rial growth (data not shown).

4 | DISCUSSION

In most cases, vision lost due to corneal-related injuries can be

reversed with a corneal transplant. However, currently there is a

severe mismatch between supply and demand of cadaveric donor cor-

neal tissue (less than 1:70).15,16 Despite recent efforts to develop cor-

neal stroma equivalents, the clinical need remains unmet with no

products available for routine use.5,14,15 In this study, we developed

an injectable and light-polymerizable SilkMA solution by modifying

silk's lysine amino acids with methacrylate groups.

The photosensitive SilkMA solutions have potential to be

crosslinked in situ using low UV-A intensities. In 2016, the US Food

and Drug Administration (FDA) approved a therapy called corneal

crosslinking (CXL) to treat patients with post LASIK/PRK ectasia and

progressive corneal thinning (keratoconus). CXL uses UV-A light and

riboflavin to stiffen the cornea by inducing covalent bonds between

corneal collagen molecules.42,43 During the treatment, riboflavin is

added to the cornea and photoactivated with UV-A light at 365 nm

with irradiance of 3 mW/cm2 for 30 min.44 In this study, the wave-

length and intensity were chosen in agreement with CXL procedure,

however instead of irradiating the eye for 30 minutes, the gels set

within 5 min with minimal heat production. The impact of polymer

concentration on the physical and mechanical properties of the hydro-

gels was studied. Our results indicate that SilkMA concentration

influenced the transparency, swelling characteristics, rheology and

mechanical properties of the hydrogels.

The optical functions of the cornea include 80% of the total ocu-

lar refractive power, UV light filtering (< 400 nm), and visible light

transmission.38,45 Thus, a successful corneal substitute needs to have

similar light transmittance to the native human cornea to replicate its

visual acuity. The transmittance results obtained for 15% and 20% Sil-

kMA hydrogels in the visible range match the values reported in the

literature for a healthy human cornea (78%–80%).35,46 Also, the light

transmittance spectrum of the human cornea published by Freegard is

very similar to the spectra obtained for 15% and 20% SilkMA, with

62% and 90% light transmittance at 400 and 780 nm, respectively.46

Another important factor influencing the overall transparency of

a hydrogel is the water content. The high hydrophilic character of

hydrogels makes them attractive materials for tissue engineering

F IGURE 6 Cytocompatibility study: (A) Live/Dead images of HDFs seeded on tissue culture well-plates with media (control) and SF/SilkMA
solutions and SilkMA gels in inserts (n = 3). Scale bar = 200 μm. (B) Quantification of the metabolic activity of HDFs seeded on SilkMA and
GelMA hydrogels by AlamarBlue assay 1, 2, 7, and 14 days after cell seeding (n = 5). Data presented as mean value ± SD (*****p<.0001)
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applications since the swelling characteristics affect the diffusion and

distribution of nutrients, oxygen, and the functionality of encapsu-

lated cells.1 In vivo variations in water content cause a decrease in

corneal transparency due to the changes in the collagen fibrillar spac-

ing and are correlated with several pathologies and diseases

(e.g., corneal graft rejection, keratoconus, and Fuchs' dystrophy).47,48

In this study, all groups showed water content values similar to the

human cornea (75%–85%).45,48 However, as previously reported in

the literature, the mass swelling of SilkMA hydrogels decreased with

higher polymer concentrations.10,49–51 An increase in the concentra-

tion of photocrosslinkable groups results in a higher crosslinking den-

sity, which ultimately creates a tighter hydrogel network and a lower

mass swelling ratio. The storage and compressive Young's modulus

were directly proportional to the polymer concentration, also indicat-

ing a greater crosslinking density. Bryant et al. studied the critical

effect of the mass swelling ratio in the formation of a functional

ECM.52 The primary components of cartilage, glycosaminoglycan

(GAG) and collagen, were evaluated histologically when varying q

from 4.2 to 9.3. Results showed that q has a great effect on cell func-

tion. Despite having a similar GAG content in all hydrogels, its distri-

bution depends on the gel properties. In systems with a q of 9.3 (low

crosslinking density), GAG molecules were homogenously distributed

throughout the gel. On the other hand, in highly crosslinked gels with

q values lower than 5.2, GAGs were retained in pericellular regions.52

In this work, all groups studied presented a q >5.2, with values ranging

between 9.8 ± 0.2 and 5.8 ± 0.1 for 15% and 25% SilkMA gels,

respectively.53 Moreover, swelling properties can also affect the over-

all shape of the material. A successful corneal substitute should have

minimal volume change thereby reducing the risk of implant mismatch

and imparting stress on the surrounding tissues.53 All experimental

F IGURE 7 In vitro properties of gentamicin-loaded SilkMA hydrogels (n = 5): (A) Cumulative gentamicin drug release from SilkMA scaffolds
after 1, 2, 3, 4, and 5 h. (B) Gentamicin concentration in the media after 24 and 48 h. Zone of inhibition study (n = 3): (C) Average zone of
inhibition of SilkMA hydrogels after 24, 48, and 72 h. (D) Staphylococcus aureus, and (E) Pseudomonas aeruginosa. Scale bar = 1.5 cm
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groups handled well and retained their shape in the swollen state.

However, 15% SilkMA hydrogels showed a twofold higher expansion

percent than 20% and 25% SilkMA (p <.05).

The success of a corneal substitute is dependent on its ability to

sustain epithelial and stromal regeneration. Controlling the degrada-

tion rate is paramount since the hydrogel's in vivo degradation should

match that of corneal regeneration. Herein, we demonstrate that Sil-

kMA hydrogels can be enzymatically degraded in vitro. A negative

correlation between the polymer concentration and the polymer reac-

tivity to enzymatic degradation was observed. At higher cross-linking

densities, the enzyme accessibility to the cleavage sites of SF is

restricted, decreasing the reactivity of hydrogels to enzymatic degra-

dation.10 However, the in vitro degradation rate reported in this study

is not representative of the ocular in vivo microenvironment. The cor-

neal environment is not as dilute as the conditions used in the swell-

ing and degradation study. In vivo, the surface of the cornea is wetted

by the tear film while the overall corneal hydration is controlled by a

pumping mechanism in the endothelium.13 Also, the concentration of

collagenase II used in this experiment is not likely to be comparable to

the concentrations found in the eye. Nevertheless, our results demon-

strate that the chemical modifications on the SF structure did not

affect the biodegradability of the polymer. In the future, the actual

swelling characteristics, expansion percentage and the rate of in vitro

degradation should be studied in an environment more representative

of the ocular conditions (e.g., porcine eye model).

Indeed, 25% SilkMA gels exhibited a significantly lower transpar-

ency (p <.001) and swelling ratio (p <.0001) than 15% and 20% SilkMA

gels. Given the importance of transparency and nutrient transport in

the success of a corneal substitute, we chose to move forward with

15 and 20% SilkMA formulations due to their superior transparency

and swelling characteristics.

Comprising �90% of the corneal thickness, the stroma provides

the cornea with its mechanical and optical properties due to the

lamellar interweaving of collagen fibrils embedded in a hydrated

matrix.54,55 The cornea shows an increase in stiffness associated with

age that could be related with a decrease in interfibrillar spacing and

an increase in cross-linking between collagen molecules.56 Despite

being essential for the diagnosis of corneal diseases and corneal func-

tion maintenance, the rheological and mechanical properties of the

cornea are not completely understood and the values reported in the

literature span over a large range.57,58 Hatami-Marbini et al. studied

the dynamic shear properties of the corneal stroma using oscillatory

experiments. The average G0 and G00 varied from 2 to 8 kPa and 0.3 to

1.2 kPa, respectively. However, hydrogels derived from biopolymers

or corneal ECM are reported to have poor mechanical properties com-

pared with the native tissue.59 In this work, only 20% SilkMA hydro-

gels exhibited a storage modulus within the above-mentioned range

(3.0 ± 0.4 kPa). Despite the lower G00 of SilkMA hydrogels (0.04–

0.6 kPa), the overall rheological properties of SilkMA hydrogels are

higher than previously investigated light-free collagen-based hydro-

gels.2,4 Ferraci et al. synthesized 10%, 15%, and 20% photocurable

bovine serum albumin (BSA-MA) with different degrees of substitu-

tion (DM = 73%–100%) using UV light (150 mW/cm2, 6 min). The

compressive modulus of 15 and 20% BSA-MA hydrogels with 92

DM% was �18 and 30 kPa, respectively.10 In this work, despite

using a considerably lower DM% (40%) and intensity (3 mW/cm2),

the compressive modulus of 15% and 20% SilkMA hydrogels was

21 and 79 kPa, respectively. This demonstrates the potential of

SilkMA-LAP system for tissue engineering applications, using a rel-

atively low light intensity, hydrogels with excellent mechanical

properties can be prepared due to the outstanding mechanical

properties of silk proteins.

Moreover, substrate stiffness is reported to influence stem cell

differentiation and proliferation.60,61 Similarly, the hydrogel micro-

structure also plays an important role in cytocompatibility since poros-

ity and pore size have previously been reported to influence cellular

attachment, migration, and tissue ingrowth.62,63 Although having low

porosity (< 80%), which is required for structural properties, both

15 and 20% SilkMA hydrogels showed interconnected and uniform

sized pores with an average pore size higher than 50 μm. Murphy

et al. investigated the relationship between scaffold pore size and cell

activity in bone tissue engineering. Scaffolds with small pores and

increased surface area may show higher levels of initial cell attach-

ment, however, the improved cell infiltration provided by scaffolds

with larger pore sizes ultimately outweighs this effect.62,63 In this

study, we firstly verified the cytocompatibility of the SF/SilkMA pre-

polymer solutions and SilkMA hydrogels. Live/dead results showed

that the modified and unmodified polymers, photoinitiator, and degra-

dation products did not induce cytotoxicity after 72 h. Then, the

hydrogel's ability to support cell attachment was studied. It has been

previously reported that silk does not possess cell-adhesion

sequences (e.g., RGD) present in other proteins, such as collagen, gela-

tin, or laminin.37,64 However, SilkMA hydrogels were shown to sup-

port adhesion and proliferation of HDFs for the entire duration of the

experiment and the differences between the metabolic activity in Sil-

kMA and GelMA cell-laden hydrogels was only statistically significant

at day 1 (p <.0001). The attachment of HDF cells to the SilkMA hydro-

gels possibly resulted from the hydrophilic nature of the hydrogels

and their ability to immobilize adhesive proteins from the serum

(e.g., vitronectin and fibrinogen).10,65 In the future, the viability of cells

encapsulated within SilkMA gels should be studied to confirm the

suitability of SilkMA as biomaterial and study the impact of photo-

crosslinking. Importantly, the pore size obtained in this study should

not compromise cell viability. Wang et al. encapsulated NIH-3T3

fibroblasts in EY-GelMA hydrogels with similar pore sizes to the Sil-

kMA hydrogels studied here (> 50 μm). The cell viability of 15% and

20% EY-GelMA hydrogels 24 h post cell-seeding was 85.9% and

91.5% (p <.01), respectively. The improved biocompatibility of 20%

EY-GelMA gels was attributed to its higher stiffness.61 In one of the

first studies published using SilkMA, Kim et al. demonstrated the suit-

ability of SilkMA bioinks for cell encapsulation. NIH/3T3 fibroblasts

were suspended in 10%–30% SilkMA or 10% GelMA (control) and

printed using DLP. The authors concluded that cells remained viable

regardless of the concentration, with 30% SilkMA gels having a cell

proliferation as high as 10% GelMA despite the smaller pore size

(’ 40 μm).19
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The antibacterial efficiency of gentamicin-loaded SilkMA hydro-

gels was assessed against S.aureus and P.aeruginosa, two of the most

common causes of ocular infections.30 Agar diffusion experiments

were performed to test the antibacterial properties of 15% and 20%

SilkMA hydrogels. Both groups inhibited bacterial growth for 72 h and

the ZOIs were not statistically significant between groups throughout

the experiment. The fact that the ZOIs for P.aeruginosa are higher

than S.aureus is expected since the MIC for the latter is four times

higher.41 Following the confirmation that the gentamicin-loaded Sil-

kMA hydrogels successfully inhibited bacterial growth, the drug

release kinetics and gentamicin concentration in the media were stud-

ied. We observed a rapid drug release for both groups with 15% and

20% SilkMA hydrogels releasing 92 ± 4% and 72 ± 13% within 5 h,

respectively. In this study, the gentamicin was solely entrapped in

the polymer network. Consequently, a quick initial release and a

negative correlation between the polymer concentration and the

gentamicin drug release rate were expected since loose polymer

networks are less able to retain the drug, yielding a quicker release.

Importantly, both groups delivered antibiotic concentrations higher

than the MIC in the first 48 h which is critical for the successful

eradication of a bacterial strain. We believe this discrepancy

between the results regarding the antimicrobial testing (agar diffu-

sion test) and the in vitro drug release experiment are due to the

different nature of the experiments. When solid agar was used, the

drug release profile was slower since only one surface of the gel

was in contact with the agar and less liquid volume was available

for elution, delaying the drug diffusion. Then, the drug-loaded in

the hydrogels was enough to inhibit bacterial growth for 72 h.

However, for drug release studies, the hydrogels were soaked in

PBS. Since the contact area between the gel and the media was

higher, gentamicin was released within a few hours (burst release).

However, neither of these conditions is representative of the ocu-

lar in vivo microenvironment. In the future, the hydrogels should be

tested in an ocular model that considers the presence of the tear

film, blinking, and ocular movements. Together, we have demon-

strated the photocurable SilkMA hydrogels are able to successfully

deliver antimicrobial agents and control their release kinetics to

effectively inhibit bacterial growth, ultimately enhancing the poten-

tial clinical efficacy of this corneal substitute.

In the present study, we have demonstrated the development of

SilkMA hydrogels that replicate the corneal physical properties, in

addition to being biodegradable and cytocompatible. The hydrogel

biodegradability was tested with collagenase II, an enzyme that can be

naturally found in tears.66 Ideally the material degradation should

match de novo tissue formation as cells would secrete enzymes as

they migrate. Therefore, we expect the degradation properties of the

hydrogels to be linked to cellular integration and tissue formation.

Also, gentamicin-loaded SilkMA hydrogels were proven effective

against S.aureus and P.aeruginosa, two of the most common causes of

ocular infections, which could improve the overall graft acceptance of

this material when compared to the conventional therapies.30 To our

knowledge, this is the first study to assess the utility of SilkMA hydro-

gels for corneal applications.

The focus of the biological studies carried out in this study was the

assessment of SilkMA's cytocompatibility given that the semi-synthetic

polymer and the photoinitiator could be a source of cytotoxicity. In the

future, the in vitro adhesion, differentiation, and tissue formation of cor-

neal cells within these constructs needs to be investigated. Moreover,

due to the difficulty in replicating the complex corneal physiological envi-

ronment in vitro, such as the ocular movement, blinking, or tear film,

in vivo experiments will be required to further understand the therapeu-

tic potential of this material in the repair of corneal injuries. More specifi-

cally, the ability of SilkMA hydrogels to fill the corneal defects, support

corneal re-epithelization, deliver the optimum release kinetics following

surgery and degrade in situ will be addressed.

5 | CONCLUSION

In conclusion, these findings demonstrate the development of an

injectable and photocurable SilkMA hydrogel system for corneal

regeneration. The material can be either crosslinked in situ within

minutes at neutral pH and without heat production using a low-

intensity UV light or printed using lithography-based biofabrication

techniques. We demonstrated that gentamicin-loaded SilkMA hydro-

gels are biodegradable, biocompatible, and antimicrobial along with

exhibiting optical and mechanical properties similar to the native

human cornea. Taken together, these findings demonstrate the con-

siderable potential that SilkMA hydrogels possess as a corneal substi-

tute. To our knowledge, this is the first study to report the utility of

photocurable SilkMA hydrogels to promote cornea regeneration.
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