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A B S T R A C T   

Vitreous substitutes are clinically used to maintain retinal apposition and preserve retinal function; yet the most 
used substitutes are gases and oils which have disadvantages including strict face-down positioning post-surgery 
and the need for subsequent surgical removal, respectively. We have engineered a vitreous substitute comprised 
of a novel hyaluronan-oxime crosslinked hydrogel. Hyaluronan, which is naturally abundant in the vitreous of 
the eye, is chemically modified to crosslink with poly(ethylene glycol)-tetraoxyamine via oxime chemistry to 
produce a vitreous substitute that has similar physical properties to the native vitreous including refractive index, 
density and transparency. The oxime hydrogel is cytocompatible in vitro with photoreceptors from mouse retinal 
explants and biocompatible in rabbit eyes as determined by histology of the inner nuclear layer and photore-
ceptors in the outer nuclear layer. The ocular pressure in the rabbit eyes was consistent over 56 d, demonstrating 
limited to no swelling. Our vitreous substitute was stable in vivo over 28 d after which it began to degrade, with 
approximately 50% loss by day 56. We confirmed that the implanted hydrogel did not impact retina function 
using electroretinography over 90 days versus eyes injected with balanced saline solution. This new oxime 
hydrogel provides a significant improvement over the status quo as a vitreous substitute.   

1. Introduction 

The vitreous humor is a clear gelatinous substance composed of 
hyaluronan (HA) and collagen (types II, V/XI, and IX) and occupies the 
space between the lens and the retina [1–3]. Vitreoretinal surgeons 
frequently remove the vitreous to repair the retina or to perform sub-
retinal injections then replace it with either a gas, such as sulfur hexa-
fluoride (SF6) or perfluoropropane (C3F8), or a non-biodegradable 
liquid, such as perfluorocarbons or silicone oil. Unfortunately, both 
options are sub-optimal for patients resulting in blurred vision for 

several weeks, face-down posturing for several days (for gasses) and 
often a second surgery (for silicone oils) [4,5]. One promising solution to 
rapidly restore patient vision are hydrogel vitreous substitutes. This 
relies on advances in biomaterials and crosslinking strategies devised to 
match the physical properties of the native vitreous, be biocompatible, 
that are stable, and bioresorbable; therefore, surgical resection can be 
avoided [6]. Despite promising studies reporting polymeric vitreous 
substitutes, they are each limited in utility due to swelling characteris-
tics, a lack of tunable gelation rates and limited quantitative data on in 
vivo stability [7–9]. An ideal hydrogel vitreous substitute will 
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tamponade the retina for 4–6 weeks while also address the above criteria 
[10]. 

Synthetic hydrogels, formed by in situ thermogelation or chemical 
crosslinking, have been investigated as vitreous substitutes but have 
narrow gelation tunability, often forming a gel before injection [8,11]. 
For example, poly(methacrylamide), poly(methacrylate), poly(ethylene 
glycol) (PEG) and poly(vinyl alcohol) (PVA) have all been formulated as 
hydrogels to treat retinal detachment [12–14]; yet, the polymers have 
been crosslinked with cytotoxic small molecules, require potentially 
harmful UV light, or use functional groups that are unstable in air [15, 
16]. Some patients treated with MIRAgel, poly(methylacrylate-co 
-2-hydroxyethyl acrylate), developed complications attributed to hy-
drolysis and hydrogel swelling that required removal [17–19]. Poly 
(alkylimide) hydrogels were found to induce severe retinal damage in 

pigmented rabbits [20]. Interestingly, a thiol-maleimide chemically 
crosslinked PEG hydrogel demonstrated excellent in vivo stability for up 
to 410 d [9]; however, storage is limited and problematic since thiol 
groups can oxidize quickly in air to form disulfides and are then 
unreactive while maleimides themselves hydrolyse in solution [21,22]. 
This limitation of thiol group oxidation is problematic for a PEG cross-
linked PVA hydrogel (developed by Pykus) that requires a thiol-acrylate 
reaction. While the hydrogel itself is degradable via ester linkages and is 
compatible in rabbit eyes [23], PEG-thiols will form disulfide bonds that 
prevent crosslinking and PVA has been reported to cause vacuolations of 
the inner retina in macaques [24]. 

Natural biopolymers, such as HA (HYVISC®) and collagen, have 
been studied as vitreous substitutes, but had limited (if any) clinical 
efficacy or stability, requiring chemical crosslinking to avoid clearance 

Fig. 1. Characterization of the HA- 
oxime vitreous substitute hydrogel. (A) 
HA-oxime hydrogel is synthesized by 
mixing hyaluronan-ketone (HAK) and 
hyaluronan-aldehyde (HAA) with poly 
(ethylene glycol)-tetraoxyamine (PEG 
OA4), in separate syringes with a 
coupler, to form a crosslinked gel. (B) 
Gelation time for HA-oxime is faster 
with increased weight percent of HAA 
measured by rheology (n = 3, mean ±
standard deviation, *p < 0.05, **p <
0.01 one-way ANOVA Tukey’s post hoc 
test). (C) Swelling of HA-oxime hydro-
gels over 28 d in balanced saline solu-
tion is minimal as measured by change 
in mass relative to initial hydrogel mass 
(1.15:0.10; 1.10:0.15; 1.05:0.20, HAK: 
HAA, wt%/wt% n = 3–5, mean ± stan-
dard deviation). (D) HA-oxime hydrogel 
(1.05:0.20 HAK:HAA, wt%/wt%) is 
injectable by hand though a 23 gauge 
needle over 10 min and a 25 gauge 
needle over 5 min (n = 3, mean ±
standard deviation). (E) Surface tension 
of HA-oxime hydrogel (1.05:0.20 HAK: 
HAA, wt%/wt%) is significantly higher 
than silicone oil (n = 4, mean ± stan-
dard deviation ***p < 0.001 Student’s t- 
test). (F) HA-oxime hydrogels retain 
high transparency over 10 d with in 
vitro hyaluronidase treatment measured 
between λ = 380–740 nm (n = 3, mean 
± standard deviation). (G) Viability of 
mouse retinal explants is unchanged in 
the presence or absence of HA-oxime 
hydrogels: percent of 7-aminoactinomy-
cin D (i.e., dead or damaged cells) 
photoreceptors from mouse retinal ex-
plants after 24 h of culture, as measured 
by flow cytometry (n = 3 for HA-oxime; 
n = 8 for media control, mean ± stan-
dard deviation, not statistically signifi-
cant (ns), p = 0.275 Student’s t-test).   
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(Table S1, Supporting Information) [15,25–33]. Yet, care must be taken 
in the crosslinking chemistry used as a hydrazone-crosslinked HA vit-
reous substitute (Vitargus ABV-1701) [34] resulted in increased ocular 
pressure in 3 of 11 patients due to the uncontrolled and rapid swelling 
initiated by the hydrolysis of the hydrazone bonds, causing glaucoma in 
these patients and then subsequent medical intervention [35]. Heala-
flow™, an HA gel crosslinked with 1,4-butanediol diglycidyl ether was 
tolerated when implanted in the vitreous cavity of pigmented rabbits, 
but lasted only 14 d, which is sub-optimal for healing [31]. 
Self-assembled peptides, such as the PanaceaGel (SPG-178), are simple 
one component systems that are biocompatible in rabbit eyes; however, 
it is unclear whether they can be degraded by intravitreal matrix met-
alloproteinases [7,36]. 

The oxime reaction between either an aldehyde or ketone and an 
oxyamine is a versatile strategy to prepare hydrogels [37]. 
Hyaluronan-oxime hydrogels traditionally use HA-aldehyde, which re-
acts quickly, making them difficult to use as injectable hydrogels [38]. 
The kinetics of the oxime reaction can be altered by changing the pH, 
inclusion of salts, catalytic amine buffers, or by using a ketone group 
instead of an aldehyde [39–41]. Due to the sensitivity of the eye to pH 
and ionic strength, which could also affect the ocular pressure [42–44], 
we specifically designed our hydrogel to be comprised of 
hyaluronan-ketone and hyaluronan-aldehyde. We engineered a new 
oxime hydrogel vitreous substitute using a click-crosslinked system, 
comprised of HA-aldehyde, HA-ketone and PEG-oxyamine. The oxime 
click chemistry requires no catalysts or small molecules, generates hy-
drolytically stable linkages, thereby preventing swelling, and has 
tunable gelation rates. Gelation is controlled by the concentration of the 
functional groups and can be tuned from minutes to hours after mixing 
and before injection into the eye (Fig. 1A). We recognized the need to 
have an injectable solution with rapid gelation given the turnover of 
aqueous humor in both rabbits (2.25 μL min− 1), which we study herein, 
and humans (2.08 μL min− 1), our ultimate application [45–47]. This is 
the first reported use of an oxime hydrogel designed to replace the vit-
reous and tested in the eye. We selected the rabbit model given the 
extensive use to evaluate ophthalmic therapies [48,49]. We character-
ized the physical properties of this new hydrogel, evaluated it in vitro 
with primary photoreceptors, and characterized its long-term (56 d) 
stability and biocompatibility in vivo in New Zealand White rabbits. We 
monitored the in vivo stability of the hydrogel by measuring its mass and 
the depletion of fluorescence over time. The degradation of chemically 
crosslinked hydrogels cannot be analyzed by those methods typically 
used to characterize the degradation of linear polymers, such as by loss 
of molar mass (e.g., by gel permeation chromatography or NMR) due to 
the limited dissolution of crosslinked polymers. The hydrogel was 
confirmed to facilitate retina function and maintained the retina archi-
tecture in Dutch-Belted pigmented rabbits over 90 days using through 
electroretinography (ERG) measurements and optical coherence to-
mography (OCT), respectively. Together these studies establish cross-
linked HA-oxime as an excellent choice for a vitreous substitute for the 
treatment of retinal detachment. 

2. Methods 

2.1. Materials 

All chemical reagents were used directly as provided by the suppliers 
unless otherwise stated. The following reagents were purchased from 
Sigma-Aldrich: N,N-diisopropylethylamine, (boc-aminooxy)acetic acid, 
phosphate buffered saline. Sodium hyaluronate Mw 242 kDa (Lifecore 
Biomedical), poly(ethylene glycol)-tetra(amine) average Mn 5250 Da 
(Jenkem Technology), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (Tokyo Chemical Industry), AlexaFluor™-647 
hydrazide (Thermo Fisher Scientific), N,N′-diisopropylcarbodiimide 
(Tokyo Chemical Industry), methyl cellulose dialyzis membranes of 
1000 Da and 12–14 kDa cut-off (Spectrum Laboratories), Hoechst 33342 

(Cell Signaling Technology), calcein AM (Biotium Inc.) ethidium 
homodimer (Biotium Inc.), alumina oxide gamma-phase (Alfa Aesar) 23 
GA TotalPlus® Vitrectomy Pak (Alcon), Endotoxin test kit (GenScript, 
catalogue number l00350), balanced salt solution (Alcon), Tobradex 
(Alcon), Tear-Gel Ophthalmic Liquid Gel (Novartis), All solvents were 
purchased from Caledon. 

2.2. Synthesis of vitreous gel components 

Ketone-modified hyaluronan (HAK) was synthesized as previously 
reported [50]. Briefly, sodium hyaluronate (1.00 g, 242 kDa) was dis-
solved in 2-(N-morpholino)ethanesulfonic acid (MES) buffer (100 mL, 
0.1 M in water, pH 6.6) and stirred with DMTMM (1.21 g, 4.36 mmol). 
After 30 min, 3-(2-methyl-1,3-dioxolan-2-yl)propan-1-amine (0.36 g, 
2.5 mmol) was added dropwise and stirred for 48 h. The solution was 
dialyzed in 0.1 M NaCl using methyl cellulose dialyzis membrane 
(12–14 kDa molecular weight cut-off) for 48 h followed by distilled 
water for 24 h. The purified solution was lyophilized and was analyzed 
by 1H NMR in deuterium oxide to determine ketal substitution 
(40–45%). Ketal-substituted hyaluronan (HA-ketal) was dissolved in 
distilled water (1.0% w/v, HA-ketal) and dialyzed against 0.2 M HCl for 
2 h. The solution was changed to pH 5.0 with a sodium bicarbonate 
solution (0.1 M) overnight and then dialyzed against sodium phosphate 
buffer (0.05 M) pH 5.0 three times before lyophilisation. The degree of 
substitution was analyzed by 1H NMR in deuterium oxide of the ketone 
was quantified by comparing the integration of the ketone –CH3 singlet 
at 2.21 ppm with the N-acetamide –CH3 singlet at 2.01 ppm and found to 
be 40–45% ketone-modified (Fig. S6). 

AlexaFluor-647-modified HAK (HAK-647) Ketal-substituted hya-
luronan (HA-ketal) (526 mg) was dissolved in 0.1 M MES buffer, pH 6.6 
(50 mL) and stirred with DMTMM (0.36 g, 1.31 mmol). After 30 min, 
AlexaFluor-647 hydrazide (3 mg, dissolved in DMSO at 1 mg mL− 1) was 
added and the reaction was protected from light and stirred overnight. 
AlexaFluor-647/ketal-substituted hyaluronan (HA-ketal) was dialyzed 
in 0.1 M NaCl using methyl cellulose dialyzis membrane (12–14 kDa 
molecular weight cut-off) for 48 h followed by distilled water for 24 h. 
The ketone was deprotected by dialyzing against 0.2 M HCl for 2 h. The 
solution was changed to pH 5.0 with a sodium bicarbonate solution (0.1 
M) overnight and then dialyzed against sodium phosphate buffer pH 5.0 
three times before lyophilisation resulting in a fluffy blue solid. A sample 
was reconstituted in deuterium oxide for characterization by 1H NMR as 
described above where the ketone substitution on HA was 40–45%. The 
substitution of the AlexaFluor-647 was calculated from a standard curve 
of AlexaFluor-647 hydrazide prepared in 10 mg mL− 1 HA and the 
absorbance measured at 650 nm with a NanoDrop instrument. The 
fluorophore concentration on HAK-647 was calculated to be 149 μmol 
mg− 1. We confirmed that the dialyzis successfully eliminated adsorbed 
AlexaFluor-647 by measuring the absorbance of a sample from a control 
reaction conducted with HA-ketal and AlexaFluor-647 hydrazide 
without DMTMM. 

Aldehyde-substituted hyaluronan (HAA) was synthesized as pre-
viously reported [51]. Briefly, sodium hyaluronate (1.00 g, 242 kDa) 
was dissolved in MES buffer (120 mL, 0.1 M in water, pH 5.5) and stirred 
with DMTMM (0.69 g, 2.5 mmol). After 15 min, aminoacetaldehyde 
dimethyl acetal (105 mg, 1.0 mmol) was added dropwise and stirred at 
60 ◦C. After 24 h the solution was dialyzed in 0.1 M NaCl using methyl 
cellulose dialyzis membrane (12–14 kDa molecular weight cut-off) for 
48 h followed by distilled water for 24 h. The purified solution was 
lyophilized to determine acetal substitution (45% acetal-modified). 
Acetal-substituted hyaluronan (HA-acetal) was dissolved in distilled 
water and dialyzed against 0.2 M HCl for 48 h. The solution was changed 
to pH 5.0 with a sodium bicarbonate solution (0.1 M) overnight and then 
dialyzed against distilled water three times before lyophilisation. 
Aldehyde-modified hyaluronan (HAA) was characterized as previously 
reported [52], briefly a sample of HAA (15 mg) was reconstituted in 1 M 
sodium acetate (pH 5.2) at 10 mg mL− 1 then tert-butyl carbazate (23 mg) 
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and sodium cyanoborohydride (11 mg) was added and mixed over 24 h. 
The reaction was dialyzed against 0.1 M NaCl using methyl cellulose 
dialyzis membrane (12–14 kDa molecular weight cut-off) for 48 h fol-
lowed by distilled water for 24 h before being lyophilized. A sample of 
HA-hydrazide (Boc) was reconstituted in deuterium oxide to collect the 
1H NMR spectra with 256 scans at 500 MHz the aldehyde substitution 
was determined using the ratio of integrals corresponding to tert-butyl 
singlet (1.47 ppm) and N-acetamide singlet (2.01 ppm) to be 45% 
aldehyde-modified (Fig. S7). 

PEG-tetraoxyamine (PEGOA4) was prepared as previously reported 
[51]. Briefly, (Boc-aminooxy)acetic acid (0.43 g, 2.3 mmol) and N, 
N′-diisopropylcarbodiimide (DIC) (0.57 mL, 4.6 mmol) were dissolved 
in 25 mL of dichloromethane (DCM) at 0 ◦C under nitrogen. After 1 h 
PEG-tetramine (1.0 g, 5250 Da) was added followed by N,N-diisopro-
pylethylamine (1.18 mL, 9.14 mmol), and the reaction was stirred for 
48 h at room temperature. DCM was removed in vacuo and the crude 
was stirred with distilled water and filtered through a 0.22 μm filter to 
remove the N,N′-diisopropylurea byproduct. The filtrate was then dia-
lyzed using methyl cellulose dialyzis membrane (1000 Da molecular 
weight cut-off) in sodium chloride (0.1 M) for 24 h followed by distilled 
water for 48 h before being lyophilized. Boc-protected PEG-tetraoxy-
amine was obtained as a white solid and characterized for substitution 
by 1H NMR before deprotecting by dialyzis in hydrochloride acid (0.2 
M) for 48 h followed by distilled water for 48 h. The dialyzate was 
lyophilized to give PEG-tetraoxyamine (PEGOA4) was obtained as a 
white crystalline solid (0.95 g, 46.1% yield). A sample was reconstituted 
in deuterated chloroform and analyzed by 1H NMR with 512 scans at 
500 MHz (Fig. S8). The substitution was confirmed by integrating the 
signal for the methylene protons (3.6–3.7 ppm) and the singlet for the 
tert-butyl singlet (1.49 ppm) and subsequently the complete depro-
tection by disappearance of the tert-butyl signal and appearance of a 
singlet (4.3 ppm) representing CO–CH2–O (α to the carbonyl). 

2.3. Endotoxin removal and detection 

The HA we use is produced by bacteria and rabbit eyes are notori-
ously sensitive to endotoxins [53], therefore we treated the individual 
components of our HA-oxime hydrogel with γ phase alumina oxide [54] 
and achieved an endotoxin concentration of 0.4 ± 0.1 EU mL− 1 (Fig. S5), 
which is within an acceptable range of 0.08–0.60 EU mL− 1 for New 
Zealand White rabbit eyes [53]. The alumina oxide was separated from 
the polymers by centrifugation followed by sterile-filtration of the su-
pernatant to provide sterile polymer. To remove endotoxins, each of 
HAK and HAA were dissolved in ddH2O at 25 mg mL− 1 and PEGOA4 at 
109.5 mg mL− 1. Alumina oxide gamma-phase was added at 2 wt% and 
samples were shaken for 24 h at room temperature. Samples were 
centrifuged at 2000 rpm to force the alumina to settle. The supernatant 
was sterile filtered after dilution in ddH2O through a 0.22 μM filter. 
Samples were then lyophilized. Endotoxin concentrations were deter-
mined using a Genscript chromogenic kit by dissolving untreated and 
alumina treated HAK and HAA at 25 mg mL− 1 and PEGOA4 at 109.5 mg 
mL− 1 in PBS. Standard endotoxin solutions were prepared following the 
kit protocol and were quantified using a NanoDrop instrument by 
measuring absorbance at 545 nm (Fig. S9). A linear regression was 
calculated to determine the concentration of endotoxins in HAK 0.022 ±
0.009 EU mg− 1, HAA 0.01 ± 0.01 EU mg− 1 and PEGOA4 0.003 ± 0.002 
EU mg− 1. 

2.4. Oxime gel vitreous substitute 

Endotoxin reduced HAK and HAA polymers were dissolved at 25 mg 
mL− 1 in PBS and incubated at 37 ◦C for 2 h to dissolve. Endotoxin 
reduced PEGOA4 was dissolved at 109.5 mg mL− 1 in 0.1 M phosphate 
buffer pH 7.4 and sterile filtered. HAK was combined with HAA to give a 
final polymer concentration of 10.0 mg mL− 1 and 2.5 mg mL− 1, 
respectively when mixed with 9.48 mg mL− 1 of PEGOA4. For in vivo 

studies the polymers were loaded in syringes and combined at a volume 
ratio of 4:1 (HAK + HAA):PEGOA4, which were mixed through a syringe 
to syringe connector nine times before being injected. 

2.5. Compressive modulus of oxime gel 

The compressive moduli of HA-Oxime and HA-Oxime-AF647 
hydrogels were measured using a Mach-1 micromechanical system 
(Biomomentum) connected to a Universal Motion Controller (Newport). 
Hydrogel samples of 100 μL (0.4 cm2) were prepared in 16-well chamber 
slides at 37 ◦C and equilibrated in PBS overnight before being removed 
from the chamber slides. Cylindrical samples were placed between two 
impermeable flat platens and maintained in 50 μL of PBS until they were 
tested to avoid evaporation (less than 5 min per sample) using a single 
axis load cell (150 g, ATI Industrial Automation). The height (distance 
between the two platens) of the samples was measured using an initial 
force of 0.01 N. To account for any surface defects a uniaxial unconfined 
compression at 10% strain based on the gel height was applied. Sample 
compressive modulus was measured by applying a further 10% strain in 
5 sequential 2% strain steps. The slope of resultant stress-strain curves 
for each sample were averaged to calculate the compressive modulus. 

2.6. Retinal pigmented epithelial cell compatibility 

RPE cells were differentiated from the CA1 human embryonic stem 
cell line following an established procedure [55,56]. RPE cells were 
dissociated with trypsin and plated at 5000 cells per well in MEM/F-12, 
DMEM/F-12 containing 10% fetal bovine serum on 0.4 μm transparent 
transwells (Corning Life Sciences; catalogue number: C353095) with 
300 μL of media beneath the transwell in 24 well plate format. Media 
above the cells in the transwell was removed and 120 μL of the 
HA-oxime hydrogel was added directly onto the RPE cells. The plate was 
maintained at 37 ◦C for 1 h before an additional 100 μL of media was 
added above the hydrogel. After 24 h the media above the hydrogel was 
removed and replaced with media containing 1/250 Hoechst 33342 
(nuclei) from a 25 mg mL− 1 solution in dH2O (Cell Signaling Technol-
ogy; catalogue number: 4082S), 1/500 calcein AM (live cells) from a 4 
mM solution in DMSO (Biotium Inc., catalogue number: 80011-1) and 
1/250 ethidium homodimer (dead cells) from a 2 mM solution in DMSO 
(Biotium Inc., catalogue number: 40014) and incubated for 45 min. The 
cells were visualized using an Olympus FV1000 confocal microscope 
and analyzed using Imaris 8 software by Bitplane. Average viability was 
obtained from three biological replicates. 

2.7. Photoreceptor cell compatibility 

Photoreceptors were harvested from postnatal day 3–5 Ccdc136-GFP; 
Nrl− /− mice [57], a compound mouse strain in which all rod photore-
ceptors adopt a cone photoreceptor-like identity (cods) and express GFP. 
Retinal tissue was dissected in CO2 independent media (Thermo Fisher 
Scientific, 18045088) and dissociated with papain (Worthington 
Biochemical Corp., LK003150) following the manufacturer’s protocol. 
Cells were washed in PBS (Ca2+/Mg2+-free, Sigma Aldrich, D8537-500 
ML) and live cells were counted using 0.4% Trypan blue (Thermo Fisher 
Scientific, 15250061) as a viability counter stain before being passed 
through a 40 μm cell strainer (Thermo Fisher Scientific, CLS431750) 
resuspended in 0.5 mL mL− 1 DMEM (high glucose, GlutaMAX, pyruvate, 
Thermo Fisher Scientific, 10569) and 0.5 mL mL− 1 Nutrient Mixture F12 
Ham (Sigma Aldrich, N6658) media containing 10 μL mL− 1 Sato’s 
supplement, 10 mg mL− 1 insulin (Sigma Aldrich, I6634) N-ace-
tyl-L-cysteine (Sigma Aldrich, A9165) and gentamicin (Thermo Fisher 
Scientific, 15710) as previously described [58]. Unsorted cells were 
maintained on ice for less than 1 h before being plated at 10,000 cells per 
well in media on 0.4 μm transparent transwells (Corning Life Sciences; 
catalogue number: C353095) with 500 μL of media beneath each 
transwell in a 24 well plate format. 100 μL of HA-oxime hydrogel was 
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added per well on the photoreceptor cells once media above the trans-
well was removed. The plate was maintained at 37 ◦C for 1 h before an 
additional 100 μL of media was added above the hydrogel. After 24 h the 
media above the hydrogel was removed and cells were analyzed by 
live/dead staining as described earlier. The cells were visualized using 
an Olympus FV1000 confocal microscope and analyzed using Imaris 8 
software by Bitplane. Average viability was obtained from three bio-
logical replicates. 

2.8. Retinal explant compatibility 

Retinas were dissected from postnatal day 4 albino Nrl.gfp mice, Nrl. 
gfp (transgenic mouse line with post-mitotic rod photoreceptors 
expressing GFP). They were flat-mounted on transwells (6-well format) 
and cultured with 1.5 mL serum free media as described [59] on the 
explant and 2 mL beneath each transwell. 500 μL of the HA-oxime 
hydrogel was added per explant after 1 d of culture by removing as 
much media as possible above the explant. After 1 h, 1 mL of media was 
added on top of the explant. The explants were maintained for 24 h 
before retinas were dissociated with papain. Viable photoreceptors were 
quantified using flow cytometry to gate for GFP-labelled cells, annexin V 
(negative), and 7-aminoactinomycin D (negative) (ThermoFisher Sci-
entific Pacific Blue™ Annexin V/SYTOX™ AADvanced™ Apoptosis kit 
for flow cytometry; catalogue number: A35136) according to manu-
facturer’s instructions. Average viability was obtained from 3 retinal 
explants for HA-oxime and 8 retinal explants for media controls. 

2.9. New Zealand white rabbit retinal surgeries 

Experimental procedures were performed in accordance with the 
Guide to the Care and Use of Experimental Animals and approved by the 
Animal Care Committee at the University of Toronto in adherence to the 
guidelines of the Canadian Council on Animal Care. New Zealand white 
rabbits (3–4 months) were purchased from Charles River. The surgeries 
were performed under general anaesthesia with acepromazine 1 mg 
kg− 1 prior to induction with isoflurane and intramuscular injection of 
ketamine 35 mg kg− 1 and xylazine 5 mg kg− 1. Subcutaneous injection of 
meloxicam 0.2 mg kg− 1 was administered for pain control and cepha-
losporin 20 mg kg− 1 was provided to minimize intraoperative risk of 
infection and fur surrounding the eye was sterilized with alcohol wipes 
and iodine. The pupils were dilated using 0.5% tropicamide and 0.5% 
phenylephrine, and topical anaesthesia with alcaine drops. A surgical 
microscope (Moller Hi-R 900C) was used to visualize the surgery per-
formed using a Constellation instrument (Alcon) to remove the vitreous 
with a 23 GA TotalPlus® Vitrectomy Pak while eye pressure was 
maintained using a balanced saline solution, trochars were carefully 
placed to avoid touching the lens. The saline was exchanged with gas, 
and then approximately 1 mL of vitreous gel (HAK, HAA and PEGOA4) 
or silicone oil (1000-centistoke) was injected into the vitreous cavity. 
After surgery, the trochars were removed and the areas were sealed with 
8-0 vicryl sutures. Animals were treated with Tobradex and received 
subcutaneous injection of meloxicam 0.2 mg kg− 1 once a day for at least 
2–3 ds following surgery for post-op analgesia. They also received daily 
application of ophthalmic maxidex to prevent conjunctivitis for at least 
2 d, and then as needed. Sham surgeries were performed by placing 
trochars and infusing saline without a vitrectomy being performed. 
Intraocular pressure (IOP) was measured using a Tono-Pen tonometer at 
t = − 1, 0 and then every 3 d after surgery. The rabbits were sacrificed 
after 1, 14, 28 or 60 d and both the right and left eyes were harvested 
from these animals. The eyes were either fixed with Davidson’s fix 
overnight then rinsed with 70% ethanol +0.9% NaCl or covered with 
70% ethanol +0.9% NaCl. The eyes were then embedded in paraffin and 
stained with hematoxylin and eosin (H&E stain) for visualization by 
microscopy and analysis. Cryosectioned eyes were harvested and 
immediately flash frozen in 2-methylbutane with dry ice which were 
stored at − 80 ◦C until sectioning. 

2.10. Stability of HA-Oxime gel 

After injecting the HA-oxime gel with or without AlexaFluor-647 
labelled HAK the remaining hydrogel was collected. The hydrogel was 
incubated at 37 ◦C with PBS (1.5 mL mL− 1 of gel) until the animals were 
sacrificed. Tissue was dissected to retrieve the hydrogel and weighed. 
Hydrogels were washed with PBS over 1 h. Hydrogels were speed mixed 
for 1 min at 3500 rpm to mechanically dissociate the hydrogel. Hyal-
uronidase was added to the hydrogel from a 10,000 U mL− 1 stock so-
lution dissolved in PBS to give a final concentration of 1500 U g− 1 

hydrogel. The suspension was incubated overnight at 37 ◦C and the 
resulting solutions were pipetted into a clear 96 well plate and quanti-
fied using a Tecan instrument with λex 640 nm λem 675 nm. The 
biodegradation of the HA-oxime hydrogel was modelled using a non- 
linear regression fit with a one phase exponential decay with least 
squares fit (R2 = 0.982) with GraphPad Prism 7 and was described by 
the equation where:  

Fluorescence = 100.3 e− 0.01585 * Days                                                         

2.11. Rabbit surgeries Dutch belted pigmented rabbits 

A total of 3 female Dutch belted rabbits (4 months) were purchased 
from Envigo. Rabbits were given ketamine 35 mg kg− 1, xylazine 5 mg 
kg− 1 and induced with acepromazine 1 mg kg− 1 prior to maintenance 
with isoflurane 2–3%. Once anesthetized, a subcutaneous injection of 
meloxicam 0.2 mg kg− 1 was administered for pain control. Animals were 
given a subcutaneous injection of cephalosporin 20 mg kg− 1 to minimize 
the risk of infection. The fur around the eye was prepared with 2 
alternating wipes of alcohol followed by iodine. A sterile eye speculum 
was inserted, and the pupil was dilated with 0.5% tropicamide, 0.5% 
phenylephrine, and topical alcaine drops for anaesthesia. Corneal dry-
ness was managed using Tear-Gel and sterile BSS during the vitrectomy 
procedure carried out with a 23 GA TotalPlus® Vitrectomy Pak while 
eye pressure was maintained using BSS. The BSS was exchanged with 
gas, and then approximately 1 mL of either vitreous gel (HA-oxime) or 
BSS was injected into the vitreous cavity. After surgery, the trochars 
were removed and the areas were sealed with 8-0 vicryl sutures. Animals 
were treated with Tobradex and received subcutaneous injection of 
carprofene 4 mg kg− 1 twice daily for 2 d following surgery for post-op 
analgesia. They also received daily application of ophthalmic maxidex 
to prevent conjunctivitis and given dexamethasone ointment daily for 7 
days. Intraocular pressure (IOP) was measured using a Tono-Pen 
tonometer one week before surgery and every 7 d after surgery. The 
rabbits were humanely euthanized at 90 d and both the right and left 
eyes were harvested from these animals. The eyes were either fixed with 
Davidson’s fix overnight then rinsed with 70% ethanol +0.9% NaCl or 
covered with 70% ethanol +0.9% NaCl. 

2.12. Electroretinography 

Pupillary dilatation was achieved with topical tropicamide 1% 
(Mydriacyl) and phenylephrine hydrochloride (Mydfrin; Alcon Canada 
Inc, Canada). Rabbits were kept in a dark room for 30 min, prepared 
under dim red illumination, and anesthetized by intramuscular injection 
of solutions containing ketamine (35 mg kg− 1) and xylazine (5 mg kg− 1) 
and maintained by inhalation of 2–3% isoflurane in oxygen with a nose 
cone. Animals were maintained on a heated pad with intubation and 
ventilation using intermittent positive pressure. The cornea was treated 
with a topical anaesthesia, 0.5% proparacaine hydrochloride (Alcaine, 
Alcon Canada) monopolar ERG Jet contact lens electrodes were posi-
tioned on the cornea referenced to a subcutaneous needle electrode 
placed at the temporal cantus, a subcutaneous electrode inserted behind 
the ear was used as a ground reference. 0.2% hyaluronan (HYLO Gel Eye 
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Drops, Candor Vision, Canada) were applied as required to maintain 
corneal lubrication. Electroretinography (ERG) was performed accord-
ing to ISCEV standards [60] with additional scotopic stimuli to enable 
dark-adapted stimulus response series fitting [61]. Recording was per-
formed using Espion E3 electrophysiology system with COLORDOME 
Ganzfeld stimulator positioned over the rabbits head (Diagnosys LLC, 
Lowell, MA, USA). Stimuli consisted of brief (<4 ms) flashes of white 
light. Under scotopic conditions a series of 6 flash intensities evenly 
spaced from − 3 to 1 log cd s m− 2 were presented. Eyes were then 
light-adapted using 30 cd m2 background illumination for 10 min. Under 
photopic conditions stimuli at 3 cd s m2 were presented both as indi-
vidual flashes and as a 30 Hz flicker. All single flash stimuli were 
repeated at least 3 times with appropriate inter-stimulus intervals to 
allow for retinal recovery. Repeat responses were averaged and b-wave 
amplitudes manually measured from the preceding a-wave trough. To 
avoid diurnal variation in ERG responses, all exams were performed at 
the same time of the day. Analysis was performed by a clinician blinded 
to treatment status using R Statistical Analysis software. Dark-adapted 
intensity response series was fitted to the following function: 

V = VmaxI/I + K 

Where V (μV) is the ERG b-wave amplitude generated in response to 
flash intensity I (cd s m− 2). The derived parameter Vmax is the asymp-
totic amplitude of the function, K (cd⋅s⋅m2) is the flash intensity that 
elicits a response of 50% of Vmax [61]. 

2.13. Optical coherence tomography 

After ERG recording, OCT images of eyes were acquired using 
Spectralis® instrument by Heidelberg Engineering. Rabbits were main-
tained under anaesthesia by inhalation of 2–3% isoflurane in oxygen 
with a nose cone. The eye was manipulated with an atraumatic 
conjunctival clip to align the globe and elevate the third eyelid. The 
cornea was hydrated regularly with balanced saline solution (BSS, Alcon 
Canada) during image acquisition. 

3. Results and discussion 

3.1. Formulation and physical properties of the HA-oxime vitreous 
substitute 

Hyaluronan was modified with either aldehyde (HAA) or ketone 
(HAK) and then crosslinked with PEG-tetraoxyamine (PEGOA4) to pro-
duce HA-oxime with formulations not previously reported. We evalu-
ated the gelation of the HA-oxime system by varying the ratio of HAK to 
HAA at constant polymer content (1.25 wt%) with 0.85 wt% PEGOA4 
and a molar ratio of 0.5 oxyamine to aldehyde + ketone. Gelation was 
faster with increased HAA, from 15 ± 3 min to 0.4 ± 0.2 min (Fig. 1B). 
We selected a subset of the formulations 1.15:0.10, 1.10:0.15 and 
1.05:0.20 HAK:HAA, wt%/wt% with gelation rates that were slow 
enough to mix and handle, and investigated the effect of HAA content on 
swelling. Hydrogels with 0.10–0.20 wt% HAA were stable during in 
vitro swelling experiments in balanced saline solution (BSS) used for 
vitrectomy procedures and remained constant in mass, over 28 
d (Fig. 1C). These HA-oxime hydrogels are more stable than higher 
polymer content PEG-5 wt% hydrazone hydrogels, which degraded by 6 
d in vitro [62]. We attribute the high stability of the HA oxime hydrogels 
due to the nature of the oxime ligation which is more stable to hydrolysis 
versus the hydrazone ligation [63]. 

To test injectability of HA-oxime gels, HAK and HAA were mixed 
with PEGOA4 using a syringe coupler prior to injection. We selected the 
1.05:0.20 HAK:HAA, wt%/wt% formulation, which gelled slow enough 
to be injected but faster than HAK alone, it was stable and injectable by 
hand based on reported maximum force of 30 N [64] through 23, 25 and 
27 gauge needles typically used in surgery (Fig. 1D). Importantly, the 
mixing and injection processes were both rapid, thereby enabling 

injection into the vitreous cavity. 
We designed our HA-oxime hydrogel to match the properties of the 

native vitreous and compared these to silicone oil in terms of density, 
refractive index, transparency and surface tension. The density of the 
HA-oxime hydrogel is 1.01 ± 0.05 g mL− 1, which is similar to the native 
vitreous (1.01 g mL− 1) and higher than that of silicone oil of 0.97 g 
mL− 1. Thus, our HA-oxime hydrogel should fill the vitreous cavity 
whereas the silicone oil would float. While the issue of a floating vit-
reous substitute can be overcome with the use of dense intraoperative 
perfluorocarbon liquids, these are limited by retinal toxicity if left in the 
eye for more than 2 weeks [5,65]. The refractive indices of the HA-oxime 
hydrogel (1.356 ± 0.002) and native vitreous (1.334) are comparable 
due to their high water contents. In contrast, silicone oil has a higher 
refractive index (1.404), which impacts vision. The surface tension, 
characterized by contact angle in air (Fig. S1), of HA-oxime is signifi-
cantly higher 45 ± 5 mN m− 1 than that of silicone oil 13 ± 3 mN m− 1 

(Fig. 1E), which, given that silicone oil rarely migrates though retinal 
tears or into the anterior chamber, suggests that our HA-oxime hydrogel 
will not migrate either. 

We wanted to understand how the degradation of the HA-oxime 
hydrogel impacts transparency, so we studied the process in vitro. An 
advantage of using an HA hydrogel is that hyaluronidase in the vitreous 
will degrade it naturally [66]. To mimic accelerated hydrogel biodeg-
radation, we treated samples with hyaluronidase and measured the 
transparency in gels degraded over 10 d until 32 ± 8% remained 
(Fig. S2). The transparency of the hydrogel was maintained during 
degradation, suggesting that vision will not be impacted in vivo during 
degradation (Fig. 1F). With physical properties that match the native 
vitreous, which is an improvement upon currently used vitreal sub-
stitutes, we sought to further characterize our hydrogel for in vitro 
cytocompatibility and in vivo biocompatibility. 

3.2. In vitro cytocompatibility of HA-oxime hydrogel 

To test the cytocompatibility of our HA-oxime hydrogel, we per-
formed in vitro viability assays using a diversity of retinal cells. Human 
embryonic stem cell-derived RPE maintained 96% viability after 24 h 
when cultured with HA-oxime, based on calcein AM and ethidium 
homodimer staining (Fig. S3). Similarly, GFP-labelled cone-like photo-
receptors cultured with HA-oxime hydrogel exhibited similar viability as 
those cells cultured in media after 4 d (Fig. S3). To better understand the 
interaction with the retina, we cultured HA-oxime hydrogels on mouse 
retinal explants for 24 h, after which the photoreceptors were dissoci-
ated and quantified by flow cytometry (Fig. S4): importantly, there was 
no significant difference in the number of photoreceptors cultured with 
or without the HA-oxime hydrogel in terms of cell necrosis (7-amino-
actinomycin, 7-AAD) or apoptosis (annexin V) (Fig. 1G), demonstrating 
that the HA-oxime gel had no deleterious effect on cell viability. These 
independent in vitro studies confirmed that the hydrogel is cytocom-
patible with retinal cells, giving us the confidence to test it in vivo. 

3.3. In vivo stability of HA-oxime 

To monitor stability and degradation, we fluorescently-labelled our 
HA-oxime hydrogel, and used the depletion of fluorescence as a proxy 
for degradation for the first time of any vitreous substitute implanted in 
the eye. We conjugated AlexaFluor-647-hydrazide to carboxylate groups 
on HAK and confirmed that the mechanical properties of the hydrogel 
with the fluorescent probe 7 ± 3 kPa were similar to the unlabelled 
hydrogel 6 ± 3 kPa (Fig. S5). The stability of HA-oxime-AF647 hydrogels 
was confirmed by comparison to silicone oil after injection into vitrec-
tomized rabbit eyes (Video S1). The vitreous was completely filled by 
each material, as confirmed by eyes harvested 1 d after injection (Fig. 2A 
and B). We hypothesized that the hydrogel would gradually disintegrate 
due to enzymatic degradation of endogenous hyaluronidase and/or by 
hydrolysis of the oxime bonds. To quantify the stability of HA-oxime- 
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AF647 gels over time, we measured both the mass and fluorescence of 
the remaining hydrogel. The gel mass was stable until 28 d and then 
dropped significantly to 60% of its initial mass by 56 d (Fig. 2C). Using 
the depletion of fluorescence as a measure of HA-oxime stability, the 
fluorescence of HA-oxime-AF647 decreased steadily to 40 ± 15% of the 
initial value by day 56 (Fig. 2D). Both techniques demonstrate that the 
HA-oxime gel degraded by 56 d and each technique has potential 
drawbacks, thereby necessitating that both techniques were used to gain 
a greater understanding of material degradation. We acknowledge that 
the fluorescence loss measured may be greater than that of the mass due 
to either fluorescent bleaching and/or the gel imbibing proteins or other 
matter resulting in inaccurate mass measurements. By modelling the in 
vivo degradation of HA-oxime based on the fluorescence data, we 
calculated a half-life of 43 d and estimated complete degradation/ 
resorption by 300 d (or 10 months, Fig. 2E). Notwithstanding the 

different degradation estimates calculated using mass and fluorescence 
methods over 56 days (65% vs 40%), the HA-oxime hydrogel should last 
sufficiently long as a vitreous substitute because clinical data has shown 
that most patients will know the outcome of their retinal detachment 
surgery (i.e., attached or re-detachment of the retina) within 6 weeks of 
the procedure [10]. 

3.4. HA-oxime hydrogel in vivo compatibility 

To test the biocompatibility of the HA-oxime hydrogel relative to 
silicone oil, we examined the retina histologically over time. The rabbit 
retina remained intact and healthy over the course of 56 d based on 
histology (Fig. 3A and B). We quantified the number of nuclei (axis 
oriented from the inner limiting membrane to the Bruch’s membrane) 
present across the ganglion cell layer (GCL), the inner nuclear layer 

Fig. 2. Stability of HA-oxime hydrogel in rabbit eyes over 56 d. Representative cross-sections of rabbit eyes after vitrectomy and injection of (A) HA-oxime or (B) 
silicone oil. (C) HA-oxime hydrogels dissected from rabbit eyes were weighed to provide sample mass, which was normalized to day 1 (n = 4 for day 1; n = 5 for day 
14 and 28; n = 6 for day 56, mean ± standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA Tukey’s post hoc test). (D) Fluorescence of hydrogels 
dissected from rabbit eyes measured at λex = 640 nm and λem = 675 nm and normalized to day 1 (n = 3 for day 1; n = 5 for day 14 and 28; n = 7 for day 56, mean ±
standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA Tukey’s post hoc test). (E) Modelled stability of HA-oxime hydrogel in vivo with a half-life 
of 43 d calculated using a non-linear regression fit with a one phase exponential decay (R2 = 0.982). 
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(INL) which contains containing the bipolar, horizontal, amacrine and 
Müller glia cells, and the outer nuclear layer (ONL) comprising the rod 
and cone photoreceptors, at 7, 28 and 56 d. The number of nuclei in the 
GCL, INL and ONL remained similar across all timepoints (Fig. 3C–E), 
demonstrating that our new HA-oxime hydrogel is biocompatible. We 
also confirmed that the vitrectomy procedure was not responsible for 
any retinal degeneration using a sham surgery which was not statisti-
cally different for any of the GCL, INL and ONL thicknesses (Fig. S10). To 
test whether the hydrogel would swell and exert mechanical force on the 

retina as it biodegrades, we monitored the ocular pressure using a 
tonometer (TonoPen). Importantly, the mean ocular pressure remained 
within the reported normal IOP range for rabbits of 13.50–25.92 mmHg 
[67] over 56 d (Fig. 3F), thereby demonstrating safety of this hydrogel in 
vivo. In contrast to the Vitargus hydrogel, which is formed by hydrazone 
ligation and resulted in ~30% of patients developing elevated IOP, we 
observed no significant changes in ocular pressure with our HA-oxime 
hydrogels in New Zealand white rabbit eyes, likely due to the slow hy-
drolysis rate for oxime linkages versus the faster hydrolysis of 

Fig. 3. Histological analyses of the inner and outer nuclear layers of the rabbit retina. (A) Representative hematoxylin and eosin (H&E)-stained retinas of rabbit eyes 
that had HA-oxime hydrogels therein for 7, 28 and 56 d. (B) Representative hematoxylin and eosin (H&E)-stained retinas of rabbit eyes treated with silicone oil 
therein for 7 and 28 d. Scale bar represents 100 μm. Quantification of the rabbit (C) outer nuclear layer, (D) inner nuclear layer, and (E) ganglion cell layer retina 
thickness by number of nuclei counted at 7, 28 and 56 d following injection of HA-oxime or silicone oil (n = 7 for HA-oxime day 7; n = 4 for silicone oil day 7; n = 4 
for HA-oxime day 28; n = 5 for silicone oil day 28; n = 6 for HA-oxime day 56, mean ± standard deviation p = 0.0382 (ONL), p = 0.855 (INL), and p = 0.129 (GCL) 
one-way ANOVA Tukey’s post hoc test). (F) Ocular pressure for rabbits injected with HA-oxime over 56 d (n = 6, mean ± standard deviation, p = 0.780 for linear 
regression analysis for non-zero slope). 
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hydrazones [63]. 

3.5. Retinal function 

To better understand the impact of the HA-oxime hydrogel on retinal 

function, we examined the eyes of dark adapted (DA) Dutch-belted 
pigmented rabbits by electroretinogram (ERG), optical coherence to-
mography (OCT) and ocular pressure. Specifically, after vitrectomy, we 
injected either our HA-oxime hydrogel or BSS each in 3 rabbit eyes. 
Retina function was measured at baseline and at 4 time points: t = 0, 30, 

Fig. 4. Analysis of retina function in Dutch- 
belted pigmented rabbits. (A) Vmax values 
and (B) retinal sensitivity index (K) calcu-
lated from ERG data for eyes injected with 
HA-oxime or BSS over the course of 90 d (n 
= 3 eyes per group at each time point, 
analysis of Vmax results treatment p = 0.157 
and time p = 0.199 and interaction p =
0.485; for K results, treatment p = 0.082 and 
time p = 0.481 and interaction p = 0.608 by 
two-way ANOVA Bonferroni post hoc test 
and not statistically significant between 
treatments for all measurement points). (C) 
Representative ERG traces for eyes treated 
with HA-oxime or BSS to evaluate rod iso-
lated (DA 0.01), mixed rod-cone (DA 3.0), 
cone isolated (LA 3.0), and cone responses 
(30 Hz flicker). (D) Representative OCT im-
ages of the retina after 90 d, scale bar rep-
resents 1.0 mm. (E) Ocular pressure with 
HA-oxime or BSS over 90 d measured by 
Tono-Pen (n = 3, mean ± standard devia-
tion, p = 0.947 for HA-oxime and p = 0.054 
for BSS for linear regression analysis for non- 
zero slope).   
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60 and 90 d after injection. After dark-adaptation, we measured the rod 
isolated, mixed rod-cone, cone isolated, and cone responses to light 
stimuli by ERG. From these data the Vmax was calculated as an indicator 
of photoreceptor and retina health. While we acknowledge greater 
variability with HA-oxime hydrogel injected eyes, based the results of a 
two-way ANOVA there was no significant change in Vmax values be-
tween the treatment groups over the duration of the study, which in-
dicates that the retina remained functional (Fig. 4A). It is possible that 
the variability is due to a defect in the lens arising naturally or from 
surgery which can impact ERG values [68]. The index of retinal sensi-
tivity (K), which represents the efficiency of quantal capture by photo-
receptors, also remained unchanged in BSS or HA-oxime injected eyes 
over the 90-d period (Fig. 4B). 

The rod photoreceptor function was tested using a dim (0.01 cd) 
flash under scotopic conditions (DA 0.01) and the resulting traces 
showed preserved b-wave component. The mixed rod-cone response was 
captured in the DA 3.0 recordings where the earlier a-wave captures rod 
and cone hyperpolarizations followed by the b-wave with post- 
phototransduction to bipolar cells. After light adaptation (LA) the 
cone isolated response was recorded by LA 3.0 showing evidence of a- 
wave and b-wave arising from cone photoreceptors. Using the 30 Hz 
flicker oscillatory potentials arising from cones was measured and shows 
consistent amplitudes. Traces for the ERG data were consistent with 
expected findings showing normal retinal responses (Fig. 4C). We 
confirmed the retina did not become detached with the HA-oxime 
hydrogel and that the retinal structure was intact, and we could iden-
tify the GCL, INL, ONL and RPE layers within HA-oxime and BSS filled 
eyes using OCT (Fig. 4D). The rabbit eyes were monitored regularly for 
any signs of redness, inflammation, and corneal or vitreous haze: there 
were no observed cases of any of these signs. The ocular pressure 
remained within a normal range over the course of 90 d with either HA- 
oxime or BSS injected eyes (Fig. 4E). Together these data demonstrate 
that the HA-oxime hydrogel is safe in terms of retina function. 

4. Conclusions 

Our new HA-oxime hydrogel matches the properties of the native 
vitreous in terms of refractive index, density, and transparency. By 
tuning the ratio of HA-aldehyde to HA-ketone, we were able to control 
gelation rate and hence injectability. The HA-oxime gel was easily 
injected in rabbit eyes, filling the vitreous cavity and fulfilling the needs 
of a vitreous substitute in terms of maintaining normal ocular pressure, 
resorbing over time and maintaining a healthy functional retina. The key 
to the success of this hyaluronan hydrogel, where others have failed, is 
the stable click chemistry, which unlocks the potential for it to be used in 
a vitreous substitute to treat retinal detachment. While gases and oils 
work, they have significant disadvantages for patients, requiring even-
tual replacement with an improved vitreous substitute. In future studies, 
we will investigate this HA-oxime vitreous substitute in a larger animal 
model for long-term retina function. 

Data availability 

All data will be available on Mendeley Data, in a dataset entitled 
“Original Data: Stable Oxime-crosslinked Hyaluronan-based Hydrogel 
as a Biomimetic Vitreous Substitute”. 
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