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Internal-tamponade agents are crucial surgical adjuncts in vitreoretinal surgery. Clinically used 
endotamponade agents act through buoyancy forces, yet can result in prolonged post-operative 
positioning, temporary loss of vision, raised intraocular pressure, cataract formation, or the need for 
additional removal surgery. Here, we describe a thermogelling polymer that provides an internal 
tamponade effect through surface tension and swelling counterforces. We tested the long-term 
biocompatibility of the polymer endotamponade in rabbit vitrectomy models, and its surgical efficacy 
and biocompatibility in a non-human primate retinal-detachment model. We also show that, as the 
thermogel undergoes biodegradation three months post-surgery, it promotes the reformation of a 
vitreous-like body that mimics the biophysical properties of the natural vitreous. The thermogelling 
endotamponade might serve as a long-term vitreous substitute. 
 
One-sentence editorial summary (to appear right below the article's title on the journal's website): 
A thermogelling polymer that acts as an internal tamponade can repair detached retinas and trigger the 
formation of a vitreous-like body, as shown in retinal-detachment rabbit and non-human-primate models. 
  



 
The vitreous is a clear, gelatinous substance occupying the vitreous cavity of the eye1. Composed of 98-99 
weight (wt.) % water, the vitreous is a natural polymeric hydrogel constituted primarily of collagen fibers and 
hyaluronic acid2. In addition to the maintenance of normal orbit turgor to position the retina, the vitreous has 
physiological functions in circulation of metabolites and nutrients3. Ageing and vitreous degeneration 
increase the liquification of the vitreous, which may result in increased vitreo-retinal traction4 and cause 
sight-threatening conditions such as retinal detachment.  

Retinal detachment is the fifth leading cause of blindness in developing countries5-6. During retinal 
detachment repair, vitrectomy surgery (whereby vitreous is removed from the eye) is performed to relieve 
vitreous traction.  As the vitreous humor cannot regenerate de-novo, the cavity must be filled with a 
substitute during and after surgery. Ideally, this substitute should closely resemble native vitreous in both 
structure and function7. Post-surgery, it has to act as an endo-tamponade agent to facilitate re-adhesion of 
the detached neurosensory retina to the underlying retinal pigment epithelium. In current clinical practice, 
perfluoro-carbon liquids are used as temporary intra-operative tamponade, while expansile gases and 
silicone oil (SiO) are used for medium and long-term tamponade, respectively. However, there are multiple 
disadvantages related to their usage. Gases need face-down positioning for several weeks post-surgery 
(due to buoyancy forces) and patients are unable to travel by air. Silicone oil requires additional removal 
surgery with potential complications8, including raised intra-ocular pressure, temporary loss of vision, 
cataract formation and long-term retinal toxicity9.  

While many materials have been proposed and tested, an ideal vitreous substitute remains elusive. 
Polymeric hydrogels are potential vitreous substitutes because they resemble natural vitreous humor10.  
Despite their purported potential, none of the currently available hydrogels (including gelatin, poly (1-vinyl-2-
pyrrolidinone), polyvinylalcohol (PVA), polyacrylamide (PAA), tetra-arm poly(ethylene glycol) (Tetra-PEG), 
cross-linked hyaluronic acid (Healaflow®) or self-assembling peptide gels (PanaceaGel SPG-178)11-19 has 
been tested as vitreous tamponade. Their limitations include (i) the inability of preformed polymeric 
hydrogels to maintain their tensile strength after injection through small-bore needles20, (ii) rapid 
biodegradability (i.e. short residence time), which prevents formation of chorioretinal adhesions around 
retinal tears11-15, and (iii) poor biocompatibility leading to severe intraocular inflammation and long-term 
toxicity16-17. Often, their ability to exert sufficient surface tension across retinal breaks has either not been 
assessed19 or has been found lacking. For example, WTG-127 tends to drift under the retinal tear, resulting 
in re-detachment of the retina21.  

To overcome these inherent issues with conventional preformed hydrogels, a rational step-wise 
approach was adopted in the development of a tri-component multi-block thermogelling polymer. This 
thermogel not only fulfils the clinical requirements of an effective endo-tamponade agent, but also facilitates 
the reformation of a vitreous-like body in-situ. This injectable thermogel rapidly forms a gel upon contact with 
the intra-ocular cavity at 37 ºC22. Importantly, long-term biocompatibility in both rabbit vitrectomy and non-
human primate (NHP) retinal detachment models is demonstrated. 
 
Results 
Synthesis and rheological characterization of the thermogel 
The developed co-polymer thermogel consists of hydrophilic poly (ethylene glycol) (PEG), thermosensitive 
poly(propylene glycol) (PPG), and hydrophobic, biodegradable poly(İ-caprolactone) (PCL) segments linked 
together via urethane bonds (termed EPC23-26) (Fig. 1B). It serves as a starting material, and specific 
properties were tailored for ophthalmic use. These features include transparency at body temperature (37 
ºC)24 and a refractive index of 1.339 to 1.344 (similar to native vitreous - 1.337) due to its high (> 90%) water 
content25. This ensures good immediate post-operative vision. 

Sol-gel transition properties of thermogels at different concentrations were characterized by 
rheological analysis. The storage and loss moduli (G’ and G”) were determined from 10 to 70 ºC. The 
gelation temperature is tunable by changing the concentration of copolymer in the aqueous solution27. The 
gelation temperature decreases from 27.7 ºC to 12.3 ºC, over a range of 3 to 12 wt. % EPC concentrations 
(Fig. 1C-E). This allows EPC thermogel to be injected whilst in sol-gel transition state for EPC-3% and EPC-
7% at 25 ºC, and in sol-state for EPC-12% at 4 ºC. All EPC thermogels rapidly form a gel in-situ within the 
vitreous cavity at 37 ºC. This is important for clinical handling and reproducibility. 

During vitreo-retinal surgery, ophthalmic surgeons need to inject EPC hydrogels through small-bore 
needles (e.g. 23 or 25 gauge [G]) into the vitreous cavity. It is thus crucial for the thermogel to withstand 
deformation at high strain during surgical injection. Oscillation frequency and oscillation amplitude sweep 
experiments were performed to examine the dynamic gel properties at 25 ºC and 37 ºC respectively. An 
amplitude sweep of 0.1-100 % strain at both 25 ºC and 37 ºC revealed linear viscoelasticity, which confirms 
stability (Supplementary Fig. S1). The application of a significant strain deforms the gel into a liquid-like state, 
from which it transits back to its original state instantaneously upon removal of the external force. This allows 
effortless and swift injection through a small-bore needle without compromising either viscosity or surface 
tension properties after reformation of gel in-situ. 

Current clinical endo-tamponade agents act to re-appose the detached retina through their flotation 
or buoyancy effect, requiring patients to posture for up to several weeks. To function as a successful internal 



 
tamponade replacement for materials currently in clinical use, a thermogel needs to (i) generate sufficient 
surface tension to bridge across the site of the retinal break and (ii) to assist re-apposition of the detached 
retina through exertion of swelling counter force. Thus, the surface tension (Fig. 1G) and swelling counter 
force (Fig. 1H) of 3 – 12 wt. % EPC thermogels were compared to silicon oil, the current gold standard for 
long-term tamponade. Significantly, EPC-3% was able to attain surface tension of at least 40 mN m-1 at both 
24 and 37 ºC (Fig. 1G), well above that of SiO (21 mN m-1 at 37 ºC). The surface tension of EPC-7% 
increased exponentially to 220 mN m-1 at 37 ºC due to gel-state transition. Swelling counter force of the 
solutions increases with temperature (Fig 1H). At 37 ºC, EPC 12% has the highest swelling counter force of 
2.031 N, followed by EPC 7% (0.843 N), EPC 3% (-0.066 N) and silicon oil (-0.023 N). In addition, 3, 7 and 
12 wt. % EPC thermogels also exhibit complex viscosity of 2.38, 75.28 and 238.68 Pa s (at gel-state, 37 ºC), 
higher than that of 1.01 Pa s for silicon oil (Fig. 1F). Thus, EPC thermogels possess the physical properties 
to function effectively as an internal tamponade agent. 
 
Biocompatibility of EPC thermogels 
In-vivo biocompatibility of EPC thermogels was demonstrated at different concentrations using ophthalmic 
surgical models in New Zealand White (NZW) rabbits. We performed 23 G core-vitrectomy in 32 NZW 
rabbits28-29 and 25 eyes were injected with sol-state EPC thermogel (e.g. EPC-3% n=6 (G’ @ 37°C =8.36 Pa, 
c = 30 g L-1), EPC-7% n=15 (G’ @ 37°C =448.7 Pa, c = 70 g L-1) and EPC-12% n=4 (G’@ 37°C =1415.4 Pa, 
c = 120 g L-1)) at pH 7.3. Controls included 12 operated eyes filled with balanced salt solution (BSS) and 4 
eyes filled with commercially available 20% Pluronics F127 hydrogel. Pluronics gel was chosen as it is 
regarded as the commercial gold standard thermogel, used for several biomedical application30. Unlike EPC 
thermogels, Pluronics gel requires a significantly higher concentration (20%) to gelate. All EPC thermogels 
were observed to form a gel in-situ within the vitreous cavity during vitreo-retinal surgery (Fig. 1A schematic 
diagram of operation, Supplementary video 1. injection of hydrogel). The rabbits were followed up for 3 to 6 
months post-operatively to assess for potential complications. 

At 7-days post-operation, rabbits implanted with Pluronic F127-20% exhibited signs of retinal toxicity. 
Sub-retinal fluid accumulation was observed by spectral domain optical coherence tomography (SD-OCT) 
imaging (Fig. 2 A4). In contrast, as assessed by slit-lamp examination and fundus evaluation, rabbits 
implanted with EPC-3% and EPC-7% hydrogels showed no significant inflammation in either the anterior or 
posterior segments (Fig. 2 D1, E1 and F1), and had normal intra-ocular pressures (IOP, Supplementary Fig. 
S2A). Importantly, EPC hydrogels remained optically clear in the vitreous cavity with attached retina (Fig. 2 
D3, E3 and F3). 

However, rabbits implanted with EPC-12% hydrogel developed severe sub-acute inflammation by 2-
weeks post-surgery (Supplementary Fig. S3 A and B) associated with elevated IOP (Supplementary Fig. 
S3C). This is likely to reflect the delayed gel-specific swelling effect of EPC-12% due to its higher swelling 
counter force (Fig. 1H). The presence of normal IOP (<21mmHg) at the end of each vitrectomy surgery 
ensured that the eyes were not over-filled with hydrogel. Furthermore, normal IOP values in eyes filled with 3% 
and 7%-EPC over a period of 3 months (using the same standardized vitrectomy and gel-filling technique) 
highlights that the delayed increase in IOP (normal between Day 1 and Day 7 post-operatively), seen 
specifically in the EPC-12% rabbits, is (hydrogel) concentration specific and not a consequence of the 
surgery. The EPC-12% rabbits were sacrificed at 1-month post-surgery as the IOP remained significantly 
elevated despite repeated anterior chamber (AC) paracenteses. 

In contrast, eyes filled with EPC-3% or EPC-7% thermogel had normal anterior segment examination 
at 3-month follow up (i.e. clear cornea and lens (Fig. 3 A1-D1), with normal retinal appearance (Fig. 3 A2-D2) 
and IOP (Supplementary Fig. S2A)). However, in EPC-3% filled eyes, there was significant retinal thinning 
and atrophy at 3 months, on both SD-OCT in-vivo imaging (122.2 ± 9.9 ȝm compared to 138.7 ± 5.3 ȝm in 
non-operated group, Fig. 3 C3) and ex-vivo Haematoxylin and Eosin (H&E) histology (Fig. 3 C4). This retinal 
atrophy likely arises from a prolonged activation of glial Müller cells, as shown by increased levels of glial 
fibrillary acidic protein (GFAP) (Fig. 3 C5), a well-established marker of inflammatory stress in the retina. 
Retinal architecture was preserved in EPC-7% injected rabbits (Fig. 3 D3 and D4), in H&E histology sections 
when compared to EPC-3% filled (Fig. 3 C4) or control (Fig. 3 A4 and B4) eyes. Furthermore, EPC-7% filled 
eyes demonstrated superior long-term biocompatibility (3 months) in-vivo, with clear corneas, absence of 
cataracts (Fig. 3 D1), normal IOP (between 7.6 - 18.4 mmHg, Supplementary Fig. S2A), normal retinal 
thickness and architecture as determined by both SD-OCT and histology (Fig. 3 D3 and D4), and minimal 
inflammation (GFAP staining; Fig. 3 D5). 

In-vivo functional assessment of the retina was performed by electroretinography (ERG). EPC-3% 
gel implanted rabbit eyes showed marked abnormality of both scotopic (dark-adapted, DA) and photopic 
(light-adapted, LA) ERGs, with substantial loss of inner retinal function at 1 month and only a limited 
recovery by 3 months (Fig. 4 A1). In contrast, EPC-7% implanted eyes showed only mild loss of scotopic b-
wave and photopic 30 hertz (Hz) flicker response amplitudes at 1 month with complete recovery by 3 months 
(Fig. 4 A2), which was maintained at 6 months (Supplementary Fig. S4). Comparison ERGs at 3 months 
showed significant ERG abnormalities in EPC-3% implanted eyes, but not in EPC-7% implanted eyes (Fig. 
4B). There was a significant difference in the amplitudes of the DA 0.01 b-wave, the DA 10 a-wave, the LA 5 



 
b-wave, and the photopic 30 Hz flicker ERG, as well as the b:a ratios in the DA 10 and LA 5 ERGs, in 
keeping with predominantly inner retinal dysfunction but with some outer retinal (photoreceptor) involvement. 

Having ascertained the biocompatibility of EPC-7% hydrogel in the rabbit vitrectomy models, its 
suitability and efficacy as an internal tamponade agent was confirmed in a surgical non-human primate (NHP) 
retinal detachment model. Briefly, retinal detachment was induced in 2 NHPs, followed by retinal detachment 
repair and full-fill injection of EPC-7% hydrogel into the vitreous cavity (approximate 1 to 1.5 ml). At 3-month 
post-operation, the vitreous cavity remained optically clear (Fig. 5 A1). There was no evidence of anterior 
segment inflammation or cataract formation. Importantly, the IOP remained within a normal range of 12 - 17 
mmHg (Supplementary Fig. S2B). Furthermore, the retina remained attached at 12 months (Fig. 5 B1), and 
this was achieved without strict prone positioning, which cannot be enforced in animals. This demonstrates 
the ability of EPC-7% hydrogel to function as an effective internal tamponade through surface tension and 
swelling counter force, without a need to rely on buoyancy as with gas or oil. 

In-vivo OCT imaging of the macula at both 3 (Fig. 5 A6) and 12 months (Fig. 5 B6) revealed normal 
retinal architecture, with the formation of adequate chorioretinal adhesion at site of iatrogenic retinal breaks 
(i.e. healed retinotomy) (Fig. 5 A5 and B5, Supplementary video 3A and 3B). At 1-month post-surgery, 
although there was mild cone more than rod dysfunction on full-field ERG, there was a dramatic recovery by 
3 months, and full recovery by 12 months. Pattern ERG showed normal waveforms in EPC-7% gel filled eyes 
at 12 months compared to baseline, consistent with preservation of normal macular function (Fig. 5D). 
Histological analysis of H&E stained tissue revealed normal macular architecture in EPC-7% filled eyes (Fig. 
5 E1) compared to control (Fig. 5 E2). 

Intriguingly, upon dissection of the enucleated rabbit globes at 3-months post-surgery, a vitreous-
like-body formed with a consistency reminiscent of native vitreous (Fig. 6A, B and Supplementary video 2A 
to 2C: Eye dissection image/video). Consistent with the biodegradability of EPC hydrogels31, the EPC 
polymer could no longer be detected by either mass spectrometry (MS) analysis (Supplementary Fig. S5) or 
nuclear magnetic resonance (NMR) at 3 months (Supplementary Fig. S6). MS-based proteomics analysis 
was performed to characterize this vitreous-like material. Of 1177 proteins identified in native vitreous, 924 
proteins were also identified in the EPC vitreous-like-body at 6-month post-implantation, indicating higher 
similarity between them (Fig. 6C). Comparison of ranked protein abundances from highest to lowest based 
on label free quantification (LFQ) intensities across the native, EPC reformed vitreous-like body and 
operated control (BSS) proteome was performed. There was an increase in total protein complexity within 
the EPC-7% reformed vitreous-like-body over time, from 557 at 1 month to 1048 proteins at 6 months, 
almost equivalent to that of the native vitreous (1177 proteins identified). In contrast, there were only 676 
proteins identified in the BSS control group at 3-month post-surgery. Importantly, there was significant 
overlap between the 8 of the top 10 proteins identified within the EPC-7% reformed vitreous-like body at 6 
months and those in native vitreous (Fig. 6D). The protein profile in EPC-7% reformed vitreous-like body 
compared to BSS refilled eyes was also different. The top 10% highly abundant proteins observed in 1-
month and 3-month BSS filled eyes were predominantly crystalline proteins, unlike native vitreous control. 
Importantly, these crystalline proteins were only detected in EPC-7% filled eyes at 1-month post-surgery and 
were dramatically reduced at 6 months to a level similar to that of native vitreous control. Heat maps show 
comparable low levels of vitreous structural proteins in both EPC-7% and BSS-filled vitreous at 1-month. 
This suggests that adequate and equivalent vitrectomy was performed in both groups. Despite this, the 
gradual appearance of known key vitreous structural components was observed in EPC-7% reformed 
vitreous-like body, but not in the BSS-filled vitreous fluid (Fig. 6G). Indeed, only EPC-7% filled eyes attained 
protein levels similar to native vitreous at 6-month post-operation, implying that this is an EPC-7% specific 
effect. These structural components include collagens (e.g. COL2A1, COL5A3, COL11A1 and COL9A2) and 
non-collagen proteins (FBN1, FBLN2 and VIT). Correspondingly, there was also a gradual increase in 
hyaluronic binding proteins, chondroitin sulfate proteoglycans and heparin sulfate proteoglycans in the EPC-
7% reformed vitreous-like body, which probably accounts for the vitreous-like consistency. 
 
Discussion 
These data show that EPC-7% thermogel has two unique functions. Firstly, it acts as an endo-tamponade 
agent for the immediate post-operative period by generating sufficient surface tension to bridge across the 
retinal break and re-appose the detached retina through surface tension enabling the breaks to be sealed. It 
further acts as a biodegradable scaffold implant for in-vivo restoration of the vitreous-like-body, thus 
obviating the need for removal surgery, and serve as a long-term vitreous substitute. This introduces a new 
class of biomaterials suitable for ophthalmic applications. 

Polymer concentration is shown to be a critical factor for the functionality of EPC as an artificial 
vitreous body, with 7% being an ideal concentration for vitreous tamponade application. EPC thermogel has 
unique properties at different concentrations. It is demonstrated that in order for micelles to form, there 
needs to be ~97µg/ml of free polymer, also known as critical micelle concentration. Below this concentration, 
the polymer exists as free chains25 and above this concentration, micelle formation takes place causing 
cellular toxicity23. EPC-3% behaves as a liquid, whereby the polymer exists as free micelles within the 
solution. These micelles exert a surfactant effect on the surrounding tissue, resulting in inner retinal toxicity. 



 
In contrast, EPC-7% mostly forms a densely packed gel, with a much lower “loose” micelle concentration, 
and thus exerts minimal surfactant effect32. It is probable that while the EPC-7% gel erodes and biodegrades 
in-vivo, it does not “transit” via an intermediate 3% gel state during this process. Consistent with this 
hypothesis is the observation that the EPC thermogel erodes via the surface erosion effects prior to cleavage 
of the polymer chains31. Moreover, cleaved polymer chains are unable to form micelles in isolation as the 
starting polymer blocks are non-amphiphilic. The biocompatibility data for EPC-7% further supports this 
hypothesis. Both retinal structure and function are maintained at 6 months in rabbits and 1 year in NHP, long 
after the EPC-7% gel is degraded and undetectable by 3-month post implantation (Supplementary Fig. S5 
and S6). This is also consistent with the concept that the 7% gel does not transit through an “intermediate” 3% 
gel state. 

In clinical use, the EPC-7% thermogel is easily handled by the ophthalmic surgeon. After injection in 
sol state using standard 23 G and 25 G instruments, it spontaneously gelates within minutes of contact in the 
eye at 37 ºC. Importantly, despite injection through a small-bore needle, it maintains its viscosity and material 
strength.  

Post-operatively, EPC-7% thermogel shows several properties that potentially make it superior to 
current clinical alternatives. Firstly, EPC-7% hydrogel is optically clear and, unlike gas, has a refractive index 
of 1.339 to 1.344, similar to native vitreous. This ensures the possibility of good vision immediately following 
surgery. Secondly, it does not cause cataract, eliminating the need for a subsequent cataract removal 
operation. Thirdly, EPC-7% thermogel can serve as a long-term vitreous tamponade (demonstrated up to 1 
year) in an NHP retinal detachment model. EPC-7% gel is able to act as an internal tamponade agent to 
support the retina and allows permanent closure of retinal breaks through laser induced chorioretinal 
adhesion. Full-field ERG shows full recovery of both scotopic and photopic function by 3 months in rabbits 
and is maintained at 1 year in NHP. Furthermore, and importantly, normal macular structure and function is 
also maintained at 1 year as confirmed by SD-OCT and pattern ERG. Finally, EPC-7% is biodegradable and 
does not require removal surgery, unlike silicone oil, which may be associated with the sudden onset of 
severe, permanent visual loss8. Clinically, this is a major advantage as it not only reduces the healthcare 
costs associated with removal surgery but also avoids the potential clinical complications associated with 
removal surgery. 

Surprisingly, the EPC-7% thermogel facilitates the formation of a vitreous-like-body in-vivo, which 
resembles natural vitreous in both content and consistency, unlike other recently reported vitreous 
substitutes18. Clinically, this is beneficial as this vitreous-like-body may provide long-term continuing support 
for the retina and prevent subsequent re-detachments. Proteomic analysis of the EPC-7% reformed vitreous-
like body at 6 months shows the gradual restoration of key structural proteins such as collagen (II, V/XI and 
IX), non-collagen structural proteins (such as fibrillin, vitrin), and hyaluronan-binding proteins, to a level 
similar to native vitreous controls33-34. Type II, V/XI and IX collagen are the major types of collagen in native 
vitreous, and these fibril-forming collagens likely confer strength and flexibility to the reformed vitreous-like-
body. Hyaluronon is a vital structural component of native vitreous. It is possible that the hyaluronan-binding 
proteins bind locally produced hyaluronon with proteoglycans to stabilize the structural matrix of the vitreous-
like-body35-36. 

It is yet to be ascertained how EPC-7% promotes the reformation of the vitreous-like-body. It is 
traditionally thought that the vitreous cannot regenerate in-vivo after formation during early development. 
However, recent clinical data have suggested that Type II procollagen can be secreted persistently into the 
vitreous cavity after vitrectomy37. Consistent with this, 90% of total vitreous hyalocytes in chimeric green 
fluorescent protein (GFP) expressing mice can be replaced by bone marrow derived GFP+ cells, suggesting 
that adult hyalocytes can be derived from bone marrow38. It is suggested that EPC hydrogel provides a 
favorable environment for recruitment of blood monocyte derived hyalocytes39-40 and for the expansion of 
remnant hyalocytes, leading to de novo synthesis of vitreous glycoaminoglycans such as hyaluronon. This 
newly synthesized hyaluronan is then established into a loosely hydrated matrix by hyaluronon-binding 
proteins and collagen fibrils41. The ability of EPC-7% to act as a scaffold to stimulate vitreous-gel like 
reformation is similar to a recent report42 in which a peptide based injectable hydrogel alone (i.e without cells 
or drugs) elicited a strong regenerative response after subcutaneous application.  

Reformation of the vitreous-like-body observed for EPC-7% did not occur with operated controls 
(BSS). This suggests that mechanical properties of the thermogel, such as stiffness, play a significant role in 
vitreous regeneration. Indeed, it has previously been shown that mechanical properties (i.e. modulus) of 
hydrogels impact stem cell differentiation fate43-45, and that mechano-sensing plays a critical role in tissue 
regeneration46-47. 

In conclusion, EPC-7% has the potential to radically transform the clinical practice of vitreo-retinal 
surgery. Advanced biomaterials, such as that described herein, can facilitate functional replacement of 
ocular tissues in-vivo, such as the reformation of a vitreous-like-body. The adoption of recently developed 
sterilization methods compatible with maintaining hydrogel stability48-49 could facilitate first in man studies 
and clinical adoption. 
 
 



 
 
 
Methods 
Materials. Poly(ethylene glycol) (PEG) with Mn 2050 g mol-1 and poly(propylene glycol) (PPG) with Mn 2000 
g mol-1, poly(İ-caprolactone) diol (PCL) with Mn 2000 g mol-1, 1,6-hexamethylene diisocyanate (HMDI) (98%), 
dibutyltin dilaurate (DBT) (95%), anhydrous toluene, iodoacetamide (IAA), dithiothreitol (DTT), and diethyl 
ether were purchased on Sigma-Aldrich. All reactants were used as received. 
 
Molecular characterization. Gel permeation chromatography (GPC) measurement was performed with a 
Viscotek GPC max module equipped with two pheonogel columns (103 and 105 Å) (size: 300 × 7.80 mm) in 
series and a Viscotek refractive index detector. Tetrahydrofuran was used as eluent at a flow rate of 1.0 mL 
min-1 at column temperature of 40 °C. Mono-dispersed polystyrene standards were used to obtain calibration 
curve. Nuclear magnetic resonance (NMR) spectra were obtained at room temperature using JEOL 500 MHz 
NMR spectrometer in CDCl3 solvent.  
 
Synthesis of poly(PEG/PPG/PCL urethane) (EPC). The synthesis protocol was consistent with previous 
studies26, 50-51. Briefly, EPC was synthesized from PEG (12g), PPG (3g) and PCL diol (0.15 g), using HMDI 
as coupling agent (Fig. 1B). After azeotropic distillation, 30 mL of anhydrous toluene was added into the flask 
before heating to 110 °C. The amount of HMDI added in the reaction was set at [OH]:[NCO] 1:1, calculated 
HMDI of 1.22 mL (7.58 × 10-3 mol) and two drops of DBT (~8 × 10-3 g) were added successively. The 
reaction mixture was stirred at 110 °C under nitrogen atmosphere for 24 h. During the period of reaction, 150 
mL of anhydrous toluene was gradually added to the reaction flask. The resultant copolymer was 
precipitated from diethyl ether. Yield: 14.2g, 95 %. For in-vivo experiments, the EPC copolymer was further 
purified using dialysis method. The precipitated copolymer was dissolved in isopropanol and dialyzed against 
DI water. Molecular weight cut-off of the dialysis membranes used was 3-5 kDa. Yield: 10.8 g, 72 %. 1H NMR 
(400 MHz, CDCl3) į (ppm):  4.19 (t, NH), 4.04 (t, CH2O), 3.63 (t, CH2O), 3.55 (t, CH2O), 3.41(m, CH), 3.14 (t, 
CH2NHCOO), 2.29 (t, CH2COO), 1.47-1.13 (t, overlap of CH2 from PCL and HMDI), 1.12 (d, CH3). 1H NMR 
spectra with sample in CDCl3 was displayed in supplementary information (Supplementary Fig. S6A). Weight 
ratio (%) based on 1H NMR peak integration of characteristic peaks (į (ppm): 3.63, 1.12, and 4.04) 
EG:PG:CL 81.3:17.4:1.3; molar ratio EG:PG:CL 165.8:26.9:1.0. Mn ~25000 g mol-1, Mw ~38000 g mol-1 and 
PDI ~1.52 obtained by GPC (in THF). 
 
Preparation of the EPC thermogelling solutions. EPC thermogelling solutions (of 3, 7 and 12 wt.%) were 
prepared by dissolution of the copolymer in AMO® Endosol (Balanced Salt Solution for Ophthalmic Irrigation, 
AMO Groningen BV, the Netherlands). A few drops (40 – 120 µl) of freshly prepared sodium carbonate 
(Na2CO3) solution (0.1M) were used to neutralize the pH of the solutions to 7.4. The solutions were further 
treated under UV (UV power: 281 µW/cm2, at 254 nm wavelength) for 3 min before in-vivo experiments. GPC 
measurement confirmed there was no molecular weight change after UV treatment48. 
 
Rheological measurement. The rheological properties of EPC thermogelling solutions (of 3, 7 and 12 wt. %) 
were studied using a TA instruments (TA Instrument, DE, USA) Discovery Hybrid Rheometer Series (DHR-3, 
Research Instruments, Inc., U.S.A.) fitted with 40 mm parallel plate geometry and a temperature controlled 
peltier base plate system. The gap was constant at 900 µm. Oscillation amplitude sweep and oscillation 
frequency sweep were conducted at both 25 and 37 °C. Oscillation amplitude sweep was performed at 0.1-
100 % strain, with frequency fixed at 1 Hz. Oscillation frequency sweep was studied at 1-100 Hz, with strain 
fixed at 0.1 %. Thermosensitive properties including storage and loss moduli (G’ and G’’), complex viscosity 
and swelling counter force assessed by temperature sweep experiments conducted from 10-70 °C, with 
strain fixed at 0.1 %, frequency fixed at 1 Hz, heating rate was set to 3 °C min-1. Sol-gel transition 
temperature was determined by the crossover point of G’ and G” in a modulus vs. temperature plot. Complex 
viscosity was plotted in logarithm scale over temperature to show temperature-responsiveness of thermogels. 
Swelling counter force, also known as axial force, was plotted over temperature, to examine the force 
produced (i.e. positive value indicates swelling/ expansion; negative values indicates shrinkage) due to the 
thermogelation. 
 
Surface tension measurement. Surface tension of the thermogelling solutions (of 3 and 7 wt. %) were 
measured using a force tensiometer (Sigma KSV 701) fitted with a Du Noüy ring. More than 30 
measurements were conducted for each sample and the results shown are the average of these data. The 
force exerted by the meniscus was measured in a push and pull mode, at both 24 and 37 °C. 
 
Vitrectomy surgery. All animal work performed complied with local animal ethical and welfare standards. 
Appropriate ethics approval was obtained from the Institutional Animal Care and Use Committee (IACUC) of 
Singhealth (Singapore) under protocol number (2015/SHS/1092). The animal facility at Singhealth 
Experimental Medicine Centre (SEMC) is AAALAC (Association for Assessment and Accreditation of Lab 



 
Animal Care) approved. This ensures that all animal experimentation complies with standards as per 
NACLAR (National Advisory Committee for Laboratory Animal Research) guidelines set out by AVA (Agri-
Food & Veterinary Authority of Singapore). This requires all animal work to be observed by an independent 
trained veterinarian. Thirty-two male New Zealand White rabbits at 2.5-3 kg were purchased from In Vivos, 
Singapore. Standard 23G vitreo-retinal surgery, as per silicone oil tamponade in humans, was performed in 
the rabbits53 under general anaesthesia29. Induction of general anesthesia was obtained by intramascular 
(IM) Buprenorphine (0.01 mg kg-1 body weight, BW) for pre-med, and IM Ketamine (50 mg kg-1 BW) + 
Xylazine (10 mg kg-1 BW). Pupils were dilated with an application of 1% tropicamide and 2.5% phenylephrine. 
Triamcinolone was used to ensure induction of posterior vitreous detachment and allow complete removal of 
the vitreous from the posterior pole52. The cannula for injection of the hydrogel was placed close to the retina 
at the time of initiation of injection. The specific gravity of the EPC gel is heavier than water (1.005 g cm-3), 
thus allowing initial filling of the posterior pole with subsequent displacement of fluid forwards and upwards 
towards the lens (Supplementary Video 1). The appearance of the gel at the sclerostomy site indicated 
complete or near-complete fill as per standard vitreo-retinal surgical technique with silicone oil53. While the 
first two sclerostomies were closed with 7-0 vicryl, there was a possibility that some EPC gel may egress 
from the open sclerostomies. Thus, the intraocular pressure was measured prior to closure of the third and 
final sclerostomy. If IOP was low, additional EPC gel was injected, and if IOP was high, some gel was 
removed until IOP was normal (<21mmHg). A normal IOP at the conclusion of surgery eliminates the 
possibility of overfilling the eye. An accurate assessment of the volume of gel retained in the vitreous cavity 
at the end of the surgery cannot be quantified because of unknown exact ocular volume 54 and inter-animal 
variability but should not exceed 1.15 ml to 1.5 ml (volume of rabbit vitreous cavity)55. (EPC-3% n=6, EPC-7% 
n=15, EPC-12% n=4, Pluronics F127 20% n=4, operated control (BSS) n=12). 

Two male Maccaca fascicularis (3.0 – 4.0 kg) from SingHealth Experimental Medicine Center, 
Singapore were used for surgical retinal detachment model. The details of general anesthesia protocol for 
non-human primate is as follows: Mandatory overnight fasting (from 6pm onwards) was implemented to 
prevent regurgitation and vomiting during anesthesia and surgery. Sedation prior to induction of anesthesia 
was performed with IM injection of Ketamine (10 mg kg-1 BW) and subcutaneous (SC) injection of atropine 
(0.05 mg kg-1 BW). IM injection of Buprenorphine (0.005 - 0.03 mg kg-1 BW) was administered for pain relief 
30 min prior to surgery. This dose was repeated 6 h after surgery. Intubation was performed by a qualified 
veterinarian using an appropriately sized endotracheal tube and general anesthesia induced using 2% 
Isofluorane and maintained using 0.5 – 2% Isofluorane. During the surgery, vital signs such as electrical 
activity of the heart, respiratory rate, blood pressure and oxygen saturation were continuously monitored. For 
the NHP retinal detachment models, surgical retinal detachment in the superior nasal quadrant of the retina 
(1/4 to 1/3 of the whole retina) was created by injecting 200 µl of BSS through a 38 G needle (Medone 
Surgical Inc., USA) superior to the nasal vascular arcades. A retinotomy of one-disc diameter size was 
created at the same site by the cutter. The retina was reattached through air-fluid exchange, and endolaser 
was performed around the retinotomy site with settings of 200 ms x 200 µm x 200 ms, approximate 100 
spots. Thereafter, the eyes were filled with EPC-7% hydrogel (approximate 1.5 ml). Sclerotomies and 
conjunctival wounds were sutured and closed with 7-0 vicryl.  
 
Pain management. SEMC standard pain relief protocol applies to all animals undergoing ophthalmic 
surgery. For rabbits: 1-2 drops of 0.5% proparacaine hydrochloride was instilled in the operated animal eyes 
to numb the pain as pre-medication prior to surgery. Post-operatively, subcutaneous Carprofen (2 - 4 mg kg-1) 
was continued for 3 days to reduce discomfort and pain after surgery. In addition, Tobradex® (tobramycin 
and dexamethasone, Alcon, USA) eye ointment was applied twice a day for 2 weeks to control local pain. 
During the post-operative period, all rabbits were monitored daily by the independent senior veterinarian via 
cage-side observation or by physical examination after eye surgery for signs of pain as per the grimace scale. 
This includes the presence of the following signs and symptoms: loss and/or decrease in appetite or water 
consumption; tooth grinding; hunched appearance when sitting; eyes partially closed; grunting when moving 
or being handled/examined. If any signs of pain are suspected, additional systemic analgesics are 
administered post-operatively as recommended by the attending veterinarian. Animals were sacrificed as per 
the humane endpoint criteria if pain was not controlled by local and systemic drugs. The assessment of the 
independent attending veterinarian determined the standard pain-relief protocol (of post-operative 
subcutaneous Carprofen and topical Tobradex®) to be appropriate and sufficient. 

For non-human primates: 1-2 drops of 0.5% proparacaine hydrochloride was instilled in the operated 
eye to numb the pain during the eye surgery procedure as pre-medication. Buprenorphine (0.005 - 0.03 mg 
kg-1), IM, was used perioperatively and continued for 3 days (2 doses per day) post-operatively to reduce 
pain after surgery. The following signs of pain in non-human primates were monitored daily via cage-side 
observation after eye surgery: persistent vocalizations, restlessness, poor appetite, ungroomed hair and coat, 
crouched posture, glassy eyes, abnormal aggression and reluctance to move. Analgesics were also given 
whenever necessary post-operatively as recommended by the attending veterinarian. 
 



 
Intraocular pressure (IOP) measurements and IOP management. IOP was measured through the center 
of the cornea by TonoPen XL tonometer (Reichert Ophthalmic Instruments) on both rabbits and NHPs at 
Day 1, 7, 14, 30, followed by monthly check up. In rabbits in which IOP > 30mmHg was present, IOP was 
measured daily until IOP normalized. Although it has been shown that rabbits are able to comfortably 
tolerate an IOP range of 30-45 mmHg56-58, nonetheless, any IOP greater than 30 mmHg was relieved by 
intermittent anterior chamber (AC) paracentesis, an accepted method for the acute management of post-
operative high IOP59-61. The frequency of AC paracentesis was limited to once every 2 to 3 days to minimize 
chance of infection due to repeated needling. In addition, all appropriate pain relief measures were taken 
once high IOP was detected. Three of 4 of the EPC-12% rabbits experienced raised intraocular pressure of ! 
30 mmHg at Day 14. In 2 of 3 rabbits, the IOP was normal (< 30 mmHg) by Day 30 (Supplementary Fig. 
S3C). All EPC-12% rabbits were euthanized by Day 30.  
 
In-vivo follow up by ophthalmic imaging. The natural history of the gel solutions was monitored non-
invasively through clear optical media of the eye to reduce the amount of animal usage. Each animal had 
repetitive spectral domain optical coherence tomography (SD-OCT) and photography of the retina at days 4, 
7, 14, 30, followed by monthly check up. Slit-lamp assessment was performed by a biomicroscopy equipped 
with a digital camera (Righton, Tokyo, Japan). The fundus was examined with a 90D (Diopter) non-contact 
slit lamp lens (Volk Optical Inc., USA) and photography performed at different time points. 

The retinal layers were examined real-time using a SD-OCT device (Heidelberg engineering, 
Heidelberg, Germany). This system provides an ultrasound based in vivo depth image of the retina, which 
can detect changes in retinal structure and enable measurement of the thickness of different retinal layers. 
Longitudinal and transverse line scans were performed of the posterior pole (in the retina of rabbits and 
NHPs at 1 to 2 optic disc distance away from the optic disc) using the 30-degree visual field acquisition 
mode of the instrument. Volume scans were obtained with 123 µm distance between each scan with a 20×20 
degrees of visual field acquisition mode (Supplementary Video 3A and 3B). Three measurements of each 
longitudinal (n=3) or transverse (n=3) image taken at 3-month post-surgery were performed by built-in 
software (Heidelberg engineering, Heidelberg, Germany) for retinal layer thickness analysis on rabbits. 
 
Retinal function assessments by Electroretinography (ERG). Animals (both rabbits and NHPs) were 
anesthetized and pupils were dilated as described above. Animals were dark-adapted 20 min prior to full-
field ERG. ERGs were recorded using an Espion system (Diagnosis LLC, USA). The pattern ERGs (PERG) 
in the NHPs were examined using a RETI-port/scan gamma (Roland Consult, Germany), using protocols 
based on those recommended for human patients by the International Society for Clinical Electrophysiology 
of Vision (ISCEV)62-63. The individual components of an ERG examination are named according to the 
adaptive state of the eye (dark adapted [DA] or scotopic; light adapted [LA] or photopic) and the stimulus 
strength in cd s m-2. Thus, DA 0.01 reflects the use of a 0.01 cd s m-2 flash delivered under dark adaptation, 
and LA 5 reflects the use of a 5 cd s m-2 flash delivered under photopic conditions.  
 
Histopathological examination. Animals were sacrificed in deep intramuscular anesthesia with an 
intracardiac injection of the euthanizing agent (Phenobarbital). Following perfusion fixation via carotid artery 
with 4% formaldehyde (FA)28, the eyes were enucleated and entire globes were immersed in 4% FA 
overnight. After removal of the anterior segments full thickness samples (6 x 6 mm, retinaĺsclera) were cut 
and embedded in paraffin (n=5 per eye, one sample was from the posterior pole, comparable to the region of 
the OCT scan). Sections were cut at 5 µm with a microtome (Leica RM2255, Germany) and further stained 
with hematoxylin and eosin stain.  
 
Immunohistostaining. Paraffin sections (5 µm) were deparaffinized, rehydrated and rinsed in PBS. Antigen 
retrieval was performed using Retriever by boiling under pressure in citrate buffer (pH 6.0) for 10 min. Non-
specific binding was blocked by incubation with 10% goat serum in Phosphate-buffered Saline-Tween® 20 
for 30 min. Tissues were then incubated with primary mouse monoclonal anti-Glial Fibrillary Acidic protein 
(GFAP)29 antibody (1:50, ab10062; Abcam, Cambridge, MA, USA) at 4°C overnight and subsequently with 
Alexa Fluor® 488 goat anti-mouse secondary antibody (1:1000, #A-11001, Thermo Fisher Scientific, 
Waltham, MA, USA) for 20 min at room temperature. Negative controls were included by replacement of the 
primary antibody with blocking buffer (10% goat serum). All sections were imaged with Olympus Fluoview 
FV1000 confocal laser scanning microscope (Olympus Corporation, Japan). 
 
Mass spectrometry (MS) analysis of vitreous proteome 
Vitreous tissue collection. For MS analysis, 12 EPC-7% filled eyes were directly enucleated after 
euthanizing the animals at 1-, 2-, 3- and 6-month post operation, while 9 operated controls (at 1-, 2- and 3-
month post operation) and 3 non-operated eyes served as controls. To avoid cellular contamination, a 19 G 
needle connected with a 1-cc syringe was used to pass through the optic nerve from the entire globe and 
withdraw samples (100-200 µl) from the center of the vitreous cavity. Samples were frozen at -80 ºC before 
MS processing. 



 
 
Protein Digestion and MS analysis. Equal amount of vitreous proteins in each sample from all groups were 
subjected to in-solution digestion. Briefly, proteins were denatured in 1% sodium deoxycholate/100 mM 
triethylammonium bicarbonate buffer (pH 8.0), followed by reduction (5 mM DTT, room temperature, 30 min) 
and alkylation (10 mM IAA, room temperature, 30 min in dark). The proteins were then subjected to 
overnight digestion with LysC (Wako) with a protease to protein ratio of 1:100 and incubated overnight at 
37ௗ°C. Thereafter, sequencing-grade trypsin (Promega) at a protease to protein ratio of 1:50 was added and 
incubated at 37ௗ°C for 8 h. The resultant peptide solutions were acidified and centrifuged at 20,000 × g for 15 
min to remove sodium deoxycholate. The peptide solutions were further desalted by using C18-SD cartridge 
(3ௗM Empore). 
 
Liquid chromatography-tandem mass spectrometry (LC/MS/MS). Reconstituted peptides were 
quantitated by using Pierce quantitative colorimetric peptide kit (Thermo Fisher Scientific). 2 µg of peptides 
from each sample spiked with 0.25 µg of MassPREP E.coli digested standard was analyzed on an EASY-
nLC 1000 (Thermo Fisher Scientific) coupled to an Orbitrap Fusion mass spectrometer (Thermo Fisher 
Scientific). The peptides were resolved and separated on a 50ௗcm analytical EASY-Spray column equipped 
with pre-column over a 180 min gradient ranging from 5 to 36% acetonitrile in 0.1% formic acid. Survey full 
scan MS spectra (m z-1 310–1510) were acquired with a resolution of 120k, an Automatic Gain Control (AGC) 
target of 5ௗ×ௗ105, and a maximum injection time of 200ௗms. The MS/MS scans were acquired with a resolution 
of 15k, an AGC target of 3ௗ×ௗ104, a maximum injection time of 50ௗms, first mass filter set at 150 m z-1, and 
dynamic exclusion set at 30 seconds. 
 
MS data processing and analysis: MS data were processed by MaxQuant version 1.5.0.30 using the 
UniProt rabbit FASTA database with 21269 entries (UniProt release 2017_02) and with UniProt E.coli 
FASTA database (for normalization). Maximum false discovery rates (FDR) were set to 0.01 for both protein 
and peptide. Label-free quantitation (LFQ) was performed using default parameters of the MaxLFQ algorithm 
with match between run feature enabled and minimum ratio count set to 1. Protein was considered to be 
identified when supported by at least one unique or razor peptide. Data were normalized based on 
normalization factors obtained from total LFQ intensities of spiked-in E.coli proteins in each sample. The 
protein list was further filtered to include only proteins that were identified and quantified in all three biological 
replicates. The data were log-transformed for all subsequent analyses. Missing values were imputed in each 
sample based on random numbers from a normal distribution to represent intensities from low abundant 
protein in Perseus software environment. Ontology terms were obtained from DAVID Bioinformatics 
Resources version 6.8 based on ‘biological process’ and ‘molecular function’. Additional protein clusters 
based on literature-based evidences were also included. The functional categories were visualized as a heat 
map based on the LFQ intensity. 
 
MS detection of EPC polymer. Acetone precipitation of EPC reformed vitreous body was performed to 
remove protein interference prior to direct infusion MS analysis for the detection of EPC polymer. Native 
vitreous with or without EPC-7% spike-in (5 µl EPC-7% in 95 µl native vitreous) was included as standard. 
Briefly, four volumes of ice-cold acetone were added to one volume of vitreous humor. The content was 
vortexed and incubated on ice for 2 hours, followed by centrifugation at 20,000 × g, 4 °C for 15 min. The 
supernatant that contained protein-free portion of vitreous body was collected, dried by using a SpeedVac 
evaporator and reconstituted in 100 µl 50% methanol prior to direct infusion MS analysis with an orbitrap 
LTQ-XL mass spec. Survey full scan MS spectra (m z-1 150–2000) were acquired for 1 min. 
 
Statistical analysis. Data of surface tension of thermogelling solutions are presented as mean ± SD (n=30). 
Statistical analysis was performed using the Student t-test. For measurements of retinal layers on OCT 
images, amplitudes of the ERG a- and b- waves and the b:a ratios, ANOVA with the Dunnett post-hoc test 
was applied. The values for groups are presented as mean ± s.e.m. All statistical analyses were carried out 
using the GraphPad software (V5.0, GraphPad software Inc.) with the level of significance was set at 0.05. 
 
Reporting summary.  Further information on research design is available in the Nature Research Reporting 
Summary linked to this article. 
 
Data availability 
The authors declare that all data supporting the results in this study are available within the paper and its 
Supplementary Information. The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org/) via the PRIDE partner 
repository with the dataset identifier PXD009525. 
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Figure captions 
 
Fig. 1 | Rheological characterization of EPC-3%, EPC-7% and EPC-12% gel. A1–A6, Schematic diagram 
illustrating the clinical repair of the retinal detachment: A1, Retinal detachment with retinal tear. Vitreous is 
attached to anterior lip of retina tear causing traction (blue color indicates native vitreous). A2, Core 
vitrectomy (removal of vitreous), A3, Endolaser around retinal tear after air-fluid exchange (air filled vitreous 
cavity indicated by white color). A4, Injection of thermogel (in yellow) to provide internal tamponade. A5, 
Thermogel supports retina and allows chorioretinal adhesion to occur at the site of retinal laser. A6, 
Thermogel is replaced by a vitreous-like-body (in blue) after biodegradation. B, Polymerization procedure of 
poly(PEG/PPG/PCL urethane) (EPC) copolymer. C–E, Temperature ramp of EPC thermogelling solutions 
with concentration range from 3-12 wt. %. The crossover point of G’ and G” is the point when sol-gel 
transition occurred. F, Complex viscosity of solutions were determined in an oscillation temperature sweep 
experiment. Y-axis is put in log scale for clarity. Commercially available silicone (Oxane® 1300, Bausch & 
Lomb, USA) oil was used as a control. G, Surface tension of solutions were conducted with tensiometer 
using a DuNouy ring at specific temperature. EPC-12% was too viscous for the test. Data represents mean ± 
SD of 30 data points. Statistical analysis was performed using Student’s t-test: # P < 0.0001 compared to 
Endosol buffer at 24 °C. * P < 0.0001 compared to Endosol buffer at 37 °C. H, Swelling counter force (N) of 
solutions as determined from sweep experiments were displayed over temperature from 10 to 50 °C. 
Swelling counter force generally increases with temperature, with EPC-12% (2.031 N) > EPC-7% (0.843 N) > 
EPC-3% (-0.066 N), silicon oil (-0.023 N) at 37 °C. 
 
Fig. 2 | Live in-vivo imaging of rabbits implanted with different hydrogels at Day 7 post operation. Slit 
lamp pictures show negligible inflammation in the anterior chamber (A1–F1), absence of cataract formation 



 
(A2–F2), and optically clear hydrogel in the vitreous cavity. Optic disc and retinal vascular architecture 
appear normal (A3–F3). The white lines indicate the position at which SD-OCT images taken (1-2 optic disc 
distance superior to the disc). Eyes filled with 20% Pluronics F127 thermogel resulted in the accumulation of 
sub-retinal fluid (A4, white arrow). In contrast, rabbits implanted with all three concentrations (3, 7 and 12 
wt. %) of EPC hydrogels have normal retinal architecture as observed in SD-OCT images (D4, E4 and F4). 
 
Fig. 3 | In-vivo imaging and ex-vivo retinal analysis of rabbits at 3-month post implantation of EPC-3% 
and EPC-7% thermogels. Slit lamp images of non-operated rabbits, operated BSS controls, EPC 3% and 
EPC 7% thermogels, showed no significant inflammation and cataract formation (A1–D1). Fundus images 
reveal normal optic disc appearance and vessel morphology in all groups (A2–D2). A3–D3, SD-OCT images 
obtained in all four groups reveal a generalised reduction of retinal thickness (from RPE to RNFL layer) only 
in the EPC 3% group (122.2 ± 9.9 ȝm compared to 138.7 ± 5.3 ȝm in non-operated group, P < 0.0001, 
statistical analysis performed using ANOVA with the Dunnett’s post hoc test) (C3). Haematoxylin and eosin 
(H&E) histology analysis was performed in all 4 groups (A4–D4). Consistent with the OCT findings, there 
was a reduction in both inner and outer retinal layer thickness only in EPC-3% filled eyes (artifactual defect 
due to histology processing as indicated by Ÿ, scale bars, 50 ȝm). A5–D5, Activation of glial fibrillary acidic 
protein (GFAP) was observed more in eyes operated with EPC-3% compared to the other 3 groups 
(indicated in green in B5 to D5, scale bars, 50 ȝm). 
 
Fig. 4 | Functional assessment of rabbit retina by electroretinography (ERG). A, In rabbit eyes 
implanted with EPC-3% gel, there was marked dysfunction reduction (in both scotopic [DA] and photopic [LA] 
ERGs) at 1 month, maximal at an inner retinal layer (reduced b:a ratio) with only partial recovery after 3 
months. B, In contrast, in rabbit eyes implanted with EPC-7% gel, at 1 month, there was only a mild loss of 
scotopic b wave-amplitude and 30 Hz flicker ERG amplitudes, but complete recovery by 3 months compared 
to normal. C Scatter-plots of DA 0.01, DA 10, DA 10 b:a ratio and LA 5, LA 5 b:a ratio and LA5 30 Hz in n=6 
rabbits for non-operated, operated controls, EPC-3% and EPC-7% thermogel filled eyes at 3 months. At 3 
months there were significant changes in DA 0.01 b- waves, DA 10 a- waves and b:a ratios, LA 5 b- waves 
and b:a ratios and 30 Hz flicker ERG amplitudes in the EPC-3% implanted eyes (as indicated by * or **), but 
not in the eyes implanted with EPC-7%, compared to both non-operated and operated control eyes. 
Statistical analysis in C was performed using ANOVA with the Dunnett’s post hoc test: *P = 0.0103, **P < 
0.0001. Data represent the mean ± s.e.m. 
 
Fig. 5 | A non-human primate surgical retinal detachment model demonstrates EPC-7% thermogel to 
be an effective endotamponade. Ophthalmic images were taken at 3-month (A1–A6) and 12- month (B1–
B6) post retinal detachment surgery. Color fundus images of EPC-7% filled eye show clear vitreous, 
attached retina and formation of chorioretinal adhesion around the iatrogenic retinal tear (red arrows, in A1 
and B1). Fluorescein angiography images show normal retinal vasculature without any leakage (A2 and B2 
were taken within 30 seconds after fluorescein injection, while A3 and B3 were taken 10 minutes later). Auto 
fluorescence images (detection of lipofuscin autofluorescence to blue laser light at the level of the RPE) 
show normal retina surrounding the lasered area of retinal tear (red arrows, in A4 and B4). SD-OCT scan 
obtained at the site of the retinal tear (indicated by white line in A4 and B4) demonstrates sufficient 
chorioretinal adhesion, and with surrounding flat (re-attached) retina at both 3 months (A5) and 12 months 
(B5). SD-OCT scan of the macula (indicated by white line in A4 and B4) shows both normal foveal contour 
and retinal architecture at 3 months (A6) and 12 months (B6). Full field ERG showed mild cone more than 
rod dysfunction at 1 month post-surgery, with substantial recovery at 3 months and full recovery by 12 
months (C). Pattern ERG shows normal waveform in EPC-7% gel filled eye compared to baseline at 12 
months, consistent with normal macular function (D). H&E analysis of the macular of EPC-7% filled eye (E1) 
is normal compared to control (E2) (Inserts in E1 and E2 show overview of macular structure, scale bars, 50 
µm). 
 
Fig. 6 | Proteome profile of EPC reformed vitreous-like-body. A, Gross dissection of rabbit eye implanted 
with EPC-7% gel at 3-month post implantation, showed a vitreous-like body with consistency similar to native 
vitreous (B). C, Venn-diagram displaying the overlap of identified proteins between native and EPC reformed 
vitreous at 6-month post-surgery. D, Ranked protein abundances from highest to lowest based on LFQ 
intensities across the native, EPC reformed and BSS control proteome. Only proteins reliably quantified 
across three replicates were visualized. E, Proteins represented in the top 10th percentile of BSS group but 
not in the native vitreous are shown in red. White represents proteins below that threshold. F, Heat map 
showing the expression of known vitreous structural components in EPC reformed vitreous-like-body, 
compared to native vitreous and operated controls. 
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Table 1 | The top 10 proteins identified in the rabbit vitreous at different time points by mass 
spectrometry. 

Native EPC-7% 1M EPC-7% 2M EPC-7% 3M EPC-7% 6M BSS 1M BSS 2M BSS 3M 
ALB ALB ALB ALB ALB ALB ALB ALB 
TF CRYAA TF TF TF TF TF TF 

RBP3 CRYBB2 CLU CLU RBP3 CLU RBP3 CRYAA 
CLU CRYL1 RBP3 SERPINA1 HBB1 APOA1 CRYBB2 RBP3 
TTR CRYBA1 LOC100356976 LOC100356976 TTR FGA CLU CLU 

APOE CRYAB HBB1 HRG CLU FGB CRYAB CRYBB2 
ENO1 CRYBB1 APOE APOE SERPINA1 SERPINA1 FGB CRYAB 
SPP1 CRYGB CST3 CST3 CST3 FGG FGG APOE 

CLSTN1 CRYBA2 HP CP APOE HRG CRYGS HBB1 
CST3 CRYBB3 SERPINA1 RBP3 CLSTN1 GC CRYL1 CRYL1 

Same protein numbers 
compared to native 1 6 6 8 3 4 5 
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