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ABSTRACT

Multiple ophthalmic pathologies, such as retinal detachment and diabetic retinopathy, require the removal and
replacement of the vitreous humor. Clinical tamponades such as silicone oil and fluorinated gases are utilized but
limited due to complications and toxicity. Therefore, there is a need for biocompatible, stable, vitreous humor
substitutes. In this study, enzymatically crosslinked silk-hyaluronic acid (HA) hydrogels formed using horse-
radish peroxidase and H,O, were characterized for use as vitreous humor substitutes. The composite network
structure was characterized with dynamic light scattering. In addition, the rheological, optical, and swelling
properties of hydrogels with varying silk to HA ratios and crosslinking densities controlled via HO» were de-
termined over time. Hydrogels had refractive indexes of 1.336 and were clear with 75-91% light transmission.
Hydrogel shear storage modulus ranged between ~6 and 240 Pa where increased H,O, increased the modulus.
After 1 month of aging, there were no changes in modulus for hydrogels with lower silk ratios, while those with
higher silk ratios exhibited a significant increase in modulus. Decreasing H,O» concentration in the reactions led
to increased hydrogel volume during swelling, with higher silk ratios returning to their original size after 15
days. Dynamic light scattering results show three diffusive modes, revealing the possible structures of the hy-
drogel composite and are consistent with the mechanical properties and swelling results. The normalized in-
traocular pressure of ex vivo porcine eyes after injecting hydrogels were comparable with those treated with
silicone oil showing the potential clinical utility of the hydrogels as vitreous substitutes. The versatility of the
silk-HA hydrogel system, the tunable swelling properties, and the stability of hydrogels with lower silk ratios
show the benefit of utilizing silk-HA hydrogels as vitreous substitutes.

1. Introduction

facilitate retinal reattachment, provide adequate mechanics (2 Pa
to > 100 Pa [4-6]), optical properties similar to native vitreous humor,

The vitreous humor is a clear, hydrated, avascular gel consisting of
randomly spaced collagen fibrils entangled within a hyaluronan bulk
matrix. This network serves many functions such as maintaining ocular
volume, supporting and protecting the retina, dampening mechanical
inputs, and facilitating metabolite diffusion [1]. Multiple ocular dis-
eases, such as retinal detachment and diabetic retinopathy, require the
removal and replacement of the vitreous humor [2]. Clinically used
tamponades, such as silicone oil and fluorinated gases, can only be
utilized as short-term substitutes due to their toxicity to surrounding
ocular tissues and their tendency to emulsify [3]. Therefore, there is a
significant clinical need to develop improved biomaterials for sub-
stitution of the vitreous humor [3].

An ideal substitute should be able to provide a tamponade effect to
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biocompatibility to ocular cells and tissues, prolonged and controlled
biodegradation rates (ideally > 3 months [7]), and the ability to be
injected through a small gauge needle [1,3,5,8,9]. Hydrogels are at-
tractive materials for vitreous humor substitutes due to their viscoe-
lasticity, hydrophilicity, and potential to form in situ. Thus, many hy-
drogels have been explored as vitreous humor substitutes [3], including
synthetic hydrogels such as polyvinyl alcohol (PVA) [10] and poly(1-
vinyl-2-pyrrolidinone) (PVP) [11]. These polymers are advantageous
for this application due to their extended retention time, rheological
properties, and optical clarity, but can also be toxic to ocular tissues,
non-injectable, or exhibit vitreous opacification [3,12]. Natural mate-
rials, such as hyaluronic acid (HA) and collagen, are biologically similar
to native vitreous humor (which consists of up to 400 pg/cm?® of HA and
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532 |,1g/cm3 of collagen [1]), but have limited retention times in vivo
due to relatively fast degradation [3]. To increase retention time, HA
has been crosslinked through UV and dihydrizide resulting in bio-
compatible hydrogels [13], however these materials still exhibit rela-
tively short-term stability [3]. HA has been combined with other
polymers such as gellan, a microbial anionic polysaccharide, however
due to the instability of the physical crosslinks, this combination was
also only for short-term use [14,15].

We have previously combined HA with silk fibroin through enzy-
matic crosslinking using horseradish peroxidase (HRP) and H,0, [16].
Silk fibroin, a protein isolated from Bombyx mori cocoons, has been
utilized in a variety of different hydrogel formats for different appli-
cations due to its biocompatibility, mechanical tunability, and rela-
tively slow degradation [16-27]. Silk has shown to be biocompatible
through in vivo studies and a suitable material for sustained ocular drug
delivery [28,29]. In addition, the biocompatibility of silk particles
suspended in an HA hydrogel have been explored for use in soft tissue
augmentation, showing minimal signs of inflammation in a rat model
[30]. Silk and HA composite hydrogels can be formed through HRP/
H,0,, by crosslinking the tyrosine residues (~5%) native to silk fibroin
and tyramine-conjugated HA. The combination of these two polymers
helps to overcome limitations of the singular component hydrogels and
allows for further tunability. By retaining favorable properties of each
polymer, the composite silk-HA hydrogel has lead to increased stability;
HA improves control of water content in the composite matrix, thus,
reducing the rate of hydrogel stiffening due to crystallization of the silk
via beta sheet formation, and the slow proteolytic degradation of the
silk improves the durability of the composite matrix [16]. Furthermore,
the HRP/H,0, method facilitates tunability of both rate of gelation and
the mechanical properties [22,31,32]. Therefore, in this study the ob-
jective was to explore silk-HA composite hydrogels as potential vitreous
humor substitutes by elucidating the network structure through dy-
namic light scattering and determining the effect of polymer ratio and
crosslinking conditions on mechanical, swelling, and optical properties
over time.

2. Materials and methods
2.1. Hydrogel formulation

Silk fibroin was isolated from B. mori silkworm cocoons as pre-
viously described [33]. Cut cocoons were degummed in boiling sodium
carbonate (Sigma-Aldrich, St. Louis, MO) solution for 60 min. The re-
sulting fibers were washed in deionized (DI) water and then dissolved
in 9.3 M lithium bromide (Sigma-Aldrich, St. Louis, MO) for 4 h. The
resulting silk fibroin solution was dialyzed against water for 3 days to
remove residual lithium bromide and diluted to 4% w/v using DI or
ultrapure water. Lyophilized hyaluronic acid (HA) with a 5% tyramine
substitution (Corgel® powder, MW ~0.9-1.0 MDa, Lifecore Biomedical,
Chaska, MN) was dissolved in hank's balanced salt solution (HBSS;
without magnesium and calcium; ThermoFisher Scientific, Waltham,
MA) at a concentration of 10-11 mg/mL. Silk and HA were combined
with varying silk/HA (S/H) ratios (50S/50H, 25S/75S, 10S/90H) at a
total concentration of 1% w/v of polymer using HBSS as dilutant.
Higher ratios of silk (above 50S/50H), were not utilized due to lack of
gelation. Silk and HA were covalently crosslinked enzymatically as
previously described [16]. Table 1 specifies the crosslinking conditions
for each sample. HRP (Type VI, Sigma-Aldrich, St. Louis, MO) con-
centration was adjusted to obtain gelation times between 10 and 15 min
(Supplement Table S1). Three H,0, (Sigma-Aldrich, St. Louis, MO)
concentrations (low, medium, and high) were independently chosen for
each of the ratios to alter crosslinking density resulting in a low,
medium, and high average shear storage moduli of less than 30 Pa,
30-110 Pa, and above 110 Pa, respectively. HA control hydrogels were
formed using a ratio of 0S/100H with the same crosslinking conditions
as the 10S/90H ratio. Solutions were either kept sterile or filter
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Table 1
Crosslinking conditions for samples. All hydrogels contained 1% w/v
polymer in HBSS with varying silk/hyaluronic acid (S/H) ratios.

Sample H,0, (x10~2% v/v) HRP (U/mL)
50S/50H Low 0.05 1
Med 0.1
High 0.3
25S/75H Low 0.01 0.1
Med 0.05
High 0.1
10S/90H Low 0.01 0.05
0S/100H Med 0.02
High 0.05

sterilized prior to gelation. Components were mixed on ice and allowed
to gel for 1 h at 37 °C prior to submersion in HBSS (with magnesium and
calcium) unless otherwise mentioned.

2.2. Rheological Characterization

Hydrogels were allowed to gel in 60 mm petri dishes for rheological
analysis. Rheological properties were assessed on hydrogels after in-
cubation in HBSS at 37 °C for 1 and 30 days using a TA Instruments
ARES-LS2 rheometer (TA Instruments, New Castle, DE) fitted with a
50 mm stainless steel upper plate and peltier bottom plate lined with
600 grit sandpaper (47185A51, McMaster-Carr, Elmhurst, IL) to pre-
vent slippage. A preload of 0.2 N to ensure complete contact, excess
hydrogel was trimmed, and silicone oil was placed around the plate to
prevent evaporation during analysis. A dynamic single point test was
performed at 1 Hz with 3% applied strained followed by dynamic fre-
quency sweeps (0.1-100 rad/s at 3% strain) and strain sweeps
(0.1%-500%, at 1 Hz) to ensure linear viscoelasticity.

2.3. Optical properties

The refractive indices of the hydrogels were assessed by placing a
thin layer of hydrogel precursor solution or HBSS solution control onto
the plate of a DANOPLUS 3 in 1 Scale Clinical Refractometer with ATC
(Kibeland, Hong Kong). After 20 min at room temperature to ensure
hydrogel formation, the refractive index was measured as per manu-
facturer instructions. The transparency of the hydrogels was char-
acterized similarly to previous reports [15,27]. In brief, 100 pL of hy-
drogel solution was allowed to gel in a clear 96-well plate and
incubated in HBSS for 1 day and 30 days. The percentage of light
transmitted through the hydrogel for wavelengths in the visible range
(400-700 nm) was determined using a SpectraMax M2 multi-mode
microplate reader (Molecular Devices, Sunnyvale, CA).

2.4. Swelling

Hydrogel cylindrical plugs were prepared by placing hydrogel so-
lutions into 8 mm pluronic-F127 coated PDMS molds. After 1-2 h in-
cubation at 37 °C, hydrogel plugs were removed from of the molds and
incubated in HBSS at 37 °C for 1 month. Volumetric measurements
were performed via calipers prior to incubation and after 1, 7, 15, and
29 days. To compare different S/H ratios at the same H,O, con-
centrations, the volume was normalized to initial measurements.

2.5. Dynamic light scattering (DLS)

Due to the dust sensitivity of DLS measurements, DLS tubes were
first washed several times with pure water and acetone separately. After
drying in the oven overnight, aluminum foil was used to wrap the tubes.
Tubes were then further cleansed with distilled acetone through an
acetone fountain setup [34,35]. All sample solutions and hydrogel
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precursor solutions (silk, HA, and HRP) were slowly filtered through
220 nm PVDF hydrophilic filters to remove contaminants. To induce
gelation for hydrogel samples, H>O, was filtered and added. After ge-
lation was complete, HBSS was added to the tube in excess amount on
top of the hydrogel to maintain equilibrium between the hydrogel and
the solution.

DLS measurements were performed on a commercial spectrometer
equipped with a multi-t digital time correlator (ALV-5000/E) using a
wavelength of 514.5 nm laser light source.

The scattered intensity was measured with a photomultiplier tube
attached to an ALV goniometer arm. DLS measures the in-
tensity — intensity time correlation function g,(q, t) by means of a multi-
channel digital correlator and related to the normalized electric field
correlation function g;(q, t) through the Siegert relation [36]. For each
sample, the intensity at scattering angles 30°, 40°, 50°, 60° and 90° was
correlated, and the relaxation times averaged for three different spatial
locations within the samples. CONTIN method [37] and multiple ex-
ponential fitting method [38] were used to analyze the characteristic
relaxation rate I; at each angle. Based on D; = Ti/q> where scattering
wave vector q=(4mn/A\)*sin(6/2), diffusion coefficient D can be ob-
tained.

2.6. Ex Vivo Injections

The intraocular pressure (IOP) of fresh porcine eyes (Animal
Technologies, Tyler, TX) were determined using a Icare® TONOVET
Plus tonometer (Icare Finland Oy, Vantaa, Finland). Using an 18G
needle inserted through the sclera, 500 pL of the vitreous was removed
and replaced with 500 pL of silicone oil (1000 cst, Sigma-Aldrich, St.
Louis, MO) or 25S/75H med hydrogel. For hydrogel samples, gelation
was initiated 5 min prior to injection and allowed to fully gel prior to
measurements. IOP was measured prior to vitreous removal, after
vitreous removal, and after silicone oil or hydrogel injection. Results
are reported as the average normalized IOP, where values were calcu-
lated as the differences between IOP prior to vitreous removal and after
vitreous removal normalized by the differences between IOP after in-
jection and after vitreous removal.

2.7. Statistics

Data are expressed as means + standard deviations. To determine
statistical significance (p < 0.05) for rheological (n = 3-4) and swel-
ling (n = 5) data, two-way ANOVA (analysis of variance) with Tukey's
post hoc multiple comparisons were performed using GraphPad Prism
(GraphPad Software, La Jolla, CA). For optical transparency (n = 5),
data were analyzed through two-way ANOVA with Tukey post hoc
multiple comparisons and comparisons over time were determined
through multiple tests with the Holm-Sidak multiple comparison
method. For ex vivo injections (n = 5), data were analyzed through
unpaired t-tests.

3. Results
3.1. Mechanical properties

The mechanical properties of silk-HA hydrogels at varying S/H ra-
tios and H,0, concentrations were determined initially and at 1 month
of incubation in physiological conditions. Concentrations of H,O, were
chosen for each ratio resulting in an initial shear storage modulus below
30 Pa (low), between 30 and 110 Pa (med), and above 110 Pa (high)
(Fig. 1A). H,0, concentration of the control hydrogels, consisting of HA
only (0S/100H) with the sample conditions as for the 10S/90H samples,
did not significantly affect hydrogel modulus. After 1 month, only the
50S/50H samples for all H;O, concentrations exhibited a significant
increase in modulus (Fig. 1B). Specifically, there was approximately a
4x, 2%, and 1.6 increase for the low, medium, and high H,O,
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concentrations, respectively. When comparing the different S/H ratios
of the same H,0, concentration (Table 1), samples containing both silk
and HA exhibited higher moduli with increasing HA concentration
(Fig. 1C). Hydrogels with HA only controls (0S/100H) had significantly
lower modulus than 10S/90H hydrogels. After 1 month, there was a
similar trend with 50S/50H and 25/75H hydrogels having lower
moduli than that of the 10S/90H hydrogels. In addition, at 1 month,
50S/50H hydrogels were no longer different in shear storage modulus
than that of 25S/75H hydrogels. All hydrogels had linear viscoelastic
regions at 3% strain (Supplement Fig. S1) and were independent of
frequency except for low H,O5 concentration for 25S/75H, 10S/90H,
and 0S/100H, which showed a slight increase in storage modulus at
higher frequencies (Fig. 2).

3.2. Optical properties

All hydrogels, regardless of S/H ratio and H,O, concentration, ex-
hibited a refractive index of 1.336 compared to HBSS that has a re-
fractive index of 1.335. The percentage of light transmitted through the
hydrogels after 1 day and 1 month in physiological conditions is shown
in Fig. 3. Differences between the hydrogels and the HBSS control at
500 nm are shown on the graphs. Initially the percentage of light
transmittance was between 76 and 91% depending on wavelength
(Fig. 3A-D). The 25S/75H low hydrogels exhibited significant differ-
ences compared to the HBSS control for all wavelengths in the visible
spectra (400-700 nm) (Fig. 3B). At 1 month, the optical transparency
ranged between 75 and 91% (Fig. 3E-H) with only the 50S/50H low
samples differing in transparency between day 1 and 1 month between
400 and 440 nm (Fig. 3A and E). All hydrogels had some differences
from the HBSS blank at 1 month, depending on wavelength. Samples
that showed differences from the control for all wavelengths within the
visible spectra (400-700 nm) at 1 month include 50S/50H low, 25S/
75H low, and all of the 10S/90H H,0, concentrations.

3.3. Swelling

Hydrogel swelling was calculated via volumetric changes initially
and up to 1 month after incubating in HBSS at 37 °C (Fig. 4). For 50S/
50H ratio hydrogels, low and medium H,O, concentrations resulted in
increased volume after 1 day, with the volume returning to the initial
values after 15 and 7 days, respectively. For the 50S/50H high H,0,
concentration, the hydrogel volume did not change over 1 month. Si-
milarly, 25S/75H ratio hydrogel with high H,O, concentration did not
exhibit volumetric changes, whereas low and medium concentrations
had sustained volumetric increase throughout 1 month with volumes
equilibrating at days 1 and 7 at approximately 3.6 and 1.5X the
initial volume, respectively. For both 10S/90H and 0S/100H at all H>O,
concentrations, the volume increased and equilibrated at day 1. For
10S/90H samples at day 1, the samples were ~2.5X%, 1.6 X, and 1.6 X
their initial volume for low, medium, and high H;O, concentrations,
respectively. For the 0S/100H samples, the volumes were 2.1 x, 1.8 X,
and 1.6 x their initial volume for low, medium, and high H,O,, re-
spectively. Comparing between ratios for the same H,0, concentra-
tions, at days 15 and 29, the 50S/50H hydrogels had a significantly
lower normalized volume to all other samples.

3.4. Dynamic light scattering (DLS)

Due to the unique behavior of the 50S/50H hydrogels, we explored
the internal structures of this sample as a function of time through
dynamic light scattering (DLS) technique. Fig. 5 shows the intensity-
intensity correlation function and its corresponding fitting results for
50S/50H hydrogel in day 1. The fitting results (Fig. 5B) shows that
there are three diffusive modes with diffusion coefficients
D; = 406 x 1077 cm?5s, D, = 365 x 10°% cm?%s,
D; = 1.31 x 1071° ecm?/s. Dynamic light scattering measurements
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Fig. 1. Rheological Characterization: Shear Modulus. The shear storage modulus is reported for hydrogels with varying S/H ratios and H>O, concentrations. The
day 1 storage modulus (A) for each ratio was within a low (below 30 Pa), medium (30-110 Pa), and high (above 110 Pa) range depending on H,O, concentration.
Storage modulus between 1 day (solid bars) and 1 month (patterned bars) is shown for each sample (B) with 50S/50H ratios at 1 month having an 4 X, 2, and 1.6 X
increase in modulus for low, med, and high H,0, concentrations, respectively. Comparing between ratios of similar H,O, concentrations, the storage modulus at 1
day and 1 month shows a direct relationship between storage modulus and HA ratios (C). (*p < 0.05, n = 3-4).

were also conducted for the same sample after 7 days and 15 days of
aging (The fitting results are in Supplement Fig. S2). The summary of
the dynamic light scattering results is listed in Table 2, which shows
that D; and D, increase slightly with time, while D; decreases with
time. Finally, all the diffusion coefficients barely change by Day 15,
indicating that the composite hydrogel structures have reached equili-
brium.

In order to understand the three modes in the 50S/50H hydrogel
composites, HA hydrogel alone and silk hydrogel alone were studied
separately and compared with the results of hydrogel composite. For
the HA hydrogel alone, the elastic diffusion coefficient is
3.7 x 1077 em?/s (Fig. 6B), which is similar to D; in the 50S/50H
hydrogel composite. Here the elastic diffusion coefficient of the hy-
drogel D = M/f (where M is the longitudinal modulus of the hydrogel, f
is the friction coefficient of the hydrogel) indicates the modulus of the
hydrogel [35,39]. While the elastic diffusion coefficient of the silk hy-
drogel alone is 4.4 x 10~® em?/s, which is similar to D, in the 508/
50H hydrogel composite. Therefore, in the 50S/50H hydrogel compo-
site, D; arises from the hydrogel elasticity of HA component and D, is
due to hydrogel elasticity of the silk component.

Silk solution at 5 g/L was also studied. As shown in Fig. 7, there is
only one mode with D = 1.57 x 10~7 cm?/s. Based on Stokes-Einstein
equation, we get the hydrodynamic radius Ry, = 14 nm (peak position),
with a broad distribution (Fig. 7B). Please note that the overlap con-
centration of the silk solution C* is 24.6 g/L. Therefore, for 40 g/L silk
solution (C > C¥), silk chains are able to contact with each other, so

that once gelation occurs they can crosslink with each other to form a
gel network. However, for 5 g/L silk dilute solutions (C < C*), chains
are not able to contact with each other, however there is still a low
chance for contact, so once they are crosslinked, silk chains will self-
crosslink to form microgels. For the microgel solutions,
D = 7.58 x 1078 cm?/s, R, = 29 nm (Fig. 7D), which is double the
size of silk solutions without being crosslinked.

In the 50S/50H hydrogel composite, which has the highest silk
content, D3 arises from the self-crosslinked silk microgels. Since the
molecular weight of the silk is around 170 KDa [29,40], which is much
smaller than that of the HA chains (Mw = 900-1000 KDa), during the
gelation of the composite hydrogel, silk chains have higher mobility
therefore can bond to both HA chains and bonded with other silk chains
forming self-crosslinked silk microgels. Once gelation is complete, the
silk-HA hydrogel matrix is formed with self-crosslinked silk microgels
diffusing within the hydrogel matrix, as illustrated in the schematic of
Fig. 8.

The diffusion coefficient of the silk microgels inside the 50S/50H
hydrogel composite (D5 in Table 2) is expected to be much smaller than
D = 7.58 x 1078 ecm?/s in the 5 g/L silk microgel solutions, because
the particle is subjected to substantial friction from the background
composite gel network. In fact, the diffusion coefficient for this re-
laxation mode becomes even smaller as the gel network gets tighter due
to aging (stronger confinement). As shown in Table 2, the diffusion
coefficient D decreases from 1.3 x 107 !° cm?/s (for day 1) to
2.62 x 107! em?/s (day 7) and then to 2.66 x 10~ ! cm?/s (day 15).
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Fig. 2. Rheological Characterization: Frequency Dependency. Representative data for frequency sweeps at 3% strain of hydrogels with different S/H ratios and
H,0, concentrations are shown for 1 day (A-D) and 1 month (E-H). All hydrogels were frequency independent except for low H,O, concentrations for 25S/75H, 10S/
90H, and 0S/100H which showed a slight increase in shear storage modulus at higher frequencies.

Thus, the gel has reached its final aging state within 15 days. The dy- 3.5. Ex Vivo Injections

namic light scattering results are consistent with the increase in G’ with

time (G’~D;, D,) and the decrease in normalized volume with time for To determine the clinical utility of the composite hydrogels as
50S/50H hydrogel composite. vitreous substitutes, hydrogels (25S/75H med) were injected into ex
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Fig. 4. Swelling. Volumes are reported for hydrogels over a 1-month period (A-D). The time at which the volume no longer changes is shown in (E) where hydrogels
with increased HA concentration and higher H,O, concentration equilibrated faster. When comparing between ratios of the same H,0, concentration (F), the 50S/
50H hydrogels had a lower normalized volume than all other ratios (+p < 0.05, *p < 0.05 compared to initial volume, n = 5).

vivo porcine eyes after removal of the vitreous and compared to a
clinical control, silicone oil [41]. Upon gross observation, both the si-
licone oil and hydrogel restored initial ocular shape after the removal of
the vitreous (Fig. 9A). There were no statistical differences (p > 0.05)
between the normalized IOP of the silicone and hydrogel injected eyes
(Fig. 9B).

4. Discussion

Enzymatically crosslinked silk-HA hydrogels were characterized in
the context of vitreous humor substitutes. The studies focused on how
altering S/H ratios and H,0, concentration effected mechanical, swel-
ling, and optical properties over time. In situ gelation is an important
parameter for polymeric vitreous substitutes as it prevents fragmenta-
tion and preserves elasticity and mechanical properties [42]. Therefore,
enzyme concentrations for each polymer ratio were chosen to allow
gelation to occur within 10-15 min, providing adequate time for proper
mixing ex vivo, and rapid gelation in vivo, to prevent migration from the

delivery site. According to previous reports, altering the enzyme con-
centration should independently control gelation rate without affecting
crosslinking density [31,32]. Using the HRP/H,O, reaction, cross-
linking density of phenol-conjugated polymers is independently tuned
via altering H,0, concentrations [31,32].

As previously discussed, ideal vitreous substitutes need to be bio-
compatible and also mimic native vitreous optical properties and have
adequate mechanics and tunable swelling to provide an effective tam-
ponade, restoring ocular volume and preventing retinal detachment.
There has been extensive research on the mechanics of both native
vitreous humor and substitute biomaterials. The mechanics of vitreous
humor substitutes varies in the literature with many reports suggesting
a range of native vitreous shear storage modulus (5-15 Pa) [4]. How-
ever, these values may not accurately represent the vitreous in vivo as
the properties of the vitreous body changes upon removal [6] and the
modulus of the vitreous with an intact membrane is much higher than
the vitreous humor alone [43]. A polymer with higher mechanical in-
tegrity will better absorb shock, provide an effective tamponade, and
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Table 2 have increased stability and retention time [6,44]. For these reasons,

Dynamics light scattering results as a function of time for 50S/50H hydrogel. D ideal vitreous substitutes should have shear storage moduli above

is the diffusion coefficient. 100 Pa [6]. Therefore, in this study, we characterized a range of me-

Time D, (cm%/s) D, (cm%/s) Ds (cm2/s) chanical properties to provide a versatile biomaterial for vitreous

humor substitutes. For each S/H ratio tested, we chose 3H,O, con-

Day 1 4.06E-7 3.65E-8 1.31E-10 centrations (low, medium, and high), which directly relate to cross-
Day 7 4.35E-7 5.68E-8 2.62E-11

Day 15 s <4358 5 6651 llnklng ‘den51ty, allowing the biomaterial to exhibit shear storage
moduli in three ranges; below 30 Pa, between 30 and 110 Pa, and above
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Fig. 8. Dynamic light scattering sample of 50S/50HA hydrogel composite (left)
and the schematic illustration of the internal structure (right) of 50S/50HA
hydrogel composite.

110 Pa, respectively. For the composite hydrogels, H>O, concentration
had a direct effect on the initial shear storage modulus. The modulus of
hydrogels with no silk (0S/100H) did not change due to H,O, con-
centration. Each ratio had different H,O, concentrations independently
chosen for the low, medium, and high mechanical ranges, as specified
in Table 1. Hydrogels formed with the same concentration of H,O, were
used to determine changes due to polymeric ratio. Specifically, a HyO,
concentration of 0.05 X 10~ 2% was utilized for 50S/50H low, 25S/
75H medium, 10S/90H high, and 0S/100H high. For the composite
hydrogels, decreasing silk concentration increased the initial storage
modulus. It is possible that this result could be due to multiple factors.
In this system (polymer concentration of 1% w/v diluted with HBSS),
silk could not form a hydrogel alone. Therefore, decreasing the HA
concentration and increasing silk concentration led to decreased

mechanical strength in the composite hydrogels. However, when the
silk was completely removed, the modulus decreased compared to the
10S/90H hydrogel. The inclusion of the shorter silk protein
(~0.17 MDa [29]) in comparison to the larger HA polysaccharide
(~0.9-1.0 MDa) may help to reduce steric hindrance and increase inter-
chain crosslinking as seen with other multi-component systems [45,46].

It is important to understand any temporal changes in mechanical
properties, as ideal vitreous substitutes need to be stable for extended
periods of times, preferably over 3 months [7]. In previous experiments,
we showed that enzymatically crosslinked silk hydrogels exhibited an
increase in mechanics over time due to a conformational change from
primarily random coil to beta sheet secondary structure, with changes
starting as early as 2 weeks [16]. Increasing HA concentration in a silk-
HA composite hydrogel prolonged and reduced this stiffening [16],
presumably by increasing water content and shielding the hydrophobic
domains in the silk chains to reduce their self-assembly into beta sheets.
In this study, all samples exhibited stable mechanics after 1 month
except that of the hydrogel with the largest silk ratio, 50S/50H, which
hada4x,2x, and 1.6 X increase in modulus for the low, medium, and
high H,0, concentrations. The larger changes in mechanics from lower
H,0, concentrations may be a result of lower crosslinking density and a
less constrained hydrogel that better facilitates silk protein aggregation
and beta sheet crystallization.

Both polymer ratio and H,0, concentration affected the swelling
properties of the hydrogels. Controlled swelling is important for vitr-
eous humor substitutes, which is needed to maintain intraocular pres-
sure and keep the retina in place [4,47]. The degree of swelling is re-
lated to crosslinking density, where a decrease in crosslinking density
resulted in a less constrained network, allowing hydrogels to swell until
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Fig. 9. Ex Vivo Injections. (A) Images of porcine eyes prior to vitreous removal
(initial), after vitreous removal, and after injection with silicone oil or silk-HA
hydrogel are shown. (B) Normalized IOP was not significantly different between
the silicone oil and hydrogel injected eyes (n = 5, p > 0.05).

equilibrium is established. Therefore, the lower H,O, concentrations
for all composite hydrogels allowed for more swelling to occur. For the
50S/50H and 25S/75H ratios, high H,O, concentration provided a
highly constrained network, preventing any significant volumetric
changes. Swelling is not only dependent on crosslinking density but also
polymeric ratio. For the 50S/50H ratios, all hydrogels equilibrated after
15 days to their original volume, even if initial swelling was observed.
The 50S/50H had a significantly lower volume when compared to
polymer ratios with higher HA concentrations. This is similar to pre-
vious results that showed increased contents of the highly hydrophilic
polymer, HA, increased water retention [16].

The 50S/50H hydrogel composite aging process was monitored by
dynamic light scattering resulting in three modes: D, is hydrogel elastic
diffusion from HA component, D, is hydrogel elastic diffusion from silk
component and D3 is from diffusion of silk microgel particles. D; and D,
increased slightly with time, consistent with G’ increasing with time.
The volume of 50S/50H hydrogel composite decreased with time so
that the gel network became tighter, diffusion of silk microgel particles
in the hydrogel matrix became slower with time due to stronger con-
finement. These dynamic light scattering results are consistent with the
mechanical and swelling properties of the hydrogel composite.

Another important parameter for vitreous humor substitutes is the
optical properties. Optical transparency and refractive index similar to
that of native vitreous humor is necessary to provide clear vision. The
refractive indexes of the hydrogels are within previously reported
ranged of native vitreous humor (1.334-1.337) [1,4]. The percentage of
visible light transmitted initially and after 1 month, ranges between 75
and 91% depending on wavelength and time, which is a slight decrease
from native vitreous at 85-95% light transmittance [15]. All hydrogels
exhibited lower transmittance at lower wavelengths, which was similar
to that of native vitreous, (~85% transmittance at 400 nm) and unlike
silicone oil (100% transmittance at 400 nm) [15]. This reduced trans-
mittance at lower wavelengths is advantageous as it helps to prevent
damage to retinal epithelium [48]. At 1 month, only the 50S/50H low
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and 25S/75H low showed significant differences to visible wavelengths
compared to the saline control. These samples had higher silk ratios
along with less crosslinking density, which could have facilitated pro-
tein aggregation and crystallization causing the slight decrease in
transparency [27,49].

The silk-HA composite hydrogel system characterized in this study
shows promise as a vitreous humor substitute. Vitreous substitutes need
to mimic native optical properties and provide tamponade to maintain
retinal placement and intraocular pressure [3]. In this study we have
shown that optically clear silk-HA hydrogels can be generated with a
large range of mechanical and swelling properties through altering the
polymeric ratio and crosslinking density with gelation time that is
amenable for in situ gelation. In addition, preliminary ex vivo injections
show restoration of ocular volume, similar to that of clinically used
substitutes. Future directions involve determining longer term stability
(> 3 months), retinal cell compatibility, in vivo responses, and mod-
ifying the hydrogels for use as a drug delivery vehicle. A potential
limitation of this method is residual HRP in the hydrogels; a factor to be
assessed before proceeding into animal studies.
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