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A B S T R A C T

Vitreoretinal diseases pose significant threats to vision, often requiring vitrectomy and substitution of vitreous
humor to restore ocular structure and visual function. However, existing substitutes have limitations that
compromise patient outcomes. Supramolecular hydrogels, particularly peptide-based formulations, have
emerged as promising alternatives due to their superior optical clarity, biocompatibility, and viscoelasticity. In
this study, we designed and evaluated two peptide hydrogels, 3K-OX and 3E-OX, bearing positive and negative
charges, respectively, as potential vitreous substitutes. Our in vitro findings revealed that the physicochemical
properties of the negatively charged peptide hydrogel, 3E-OX, closely resembled those of the native vitreous
body, exhibiting optimal light transmittance, refractive index, molecular permeability, and biocompatibility.
Animal studies further confirmed the safety and biocompatibility of 3E-OX as a promising vitreous substitute.
Notably, we introduced optical coherence tomography for retinal microvascular detection in non-pigmented
rabbits, presenting a novel approach to evaluate the performance of intraocular tamponade materials. This
work not only expands the utility of peptide hydrogels but also provides valuable insights into the design of
vitreous substitutes.

1. Introduction

Vitreoretinal diseases pose a significant threat to vision health
globally, affecting the life cycle, from infants to the elderly [1–4].
Among the treatments available, vitrectomy stands as the primary
approach, involving the removal of the vitreous body and its replace-
ment with substitutes to maintain ocular structure, facilitate retinal
reattachment, and restore visual function. Ideally, these substitutes

should closely mimic the structure and function of the human vitreous
body [5–8]. However, current available vitreous substitutes bear
notable shortcomings that greatly undermine patient outcomes [9]. For
example, lactate Ringer’s solution (LRS) lacks sufficient surface tension
and tissue support for complex cases; gas tamponades (e.g. air, SF6, C3F8,
etc.) require patients an exhaustive face-down position, air travel re-
strictions, and cause an increased risk of cataracts, all of which
compromise patients’ quality of life [10]; Perfluorocarbon liquids are

Abbreviation: LRS, lactate Ringer’s solution; SO, silicone oil; AM, Rink Amide; DIPEA, ethyldiisopropylamine; TFA, trifluoroacetic acid; GSSG, L-glutathione
oxidized; RP-HPLC, reverse-phase high-performance liquid chromatography; CD, circular dichroism; 3D, three-dimensional; OCT, optical coherence tomography;
OCTA, optical coherence tomography angiography; ERG, electroretinogram; DA, dark-adapted; LA, light-adapted; H&E, hematoxylin-eosin; SD, standard deviation;
VAD, vessel area density; VDI, vessel diameter index; E, glutamic acid residues; K, lysine residues; BTP, bis-tris propane; PBS, phosphate buffered solution; TEM,
transmission electron microscopy; ARPE19, adult retinal pigment epithelial cell line 19; NHDF, human dermal fibroblast; MIO-M1, Moorfields/Institute of
Ophthalmology-Müller 1; IOP, intraocular pressure.
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applicable only in short-term use for intraocular toxicity [10,11]; Sili-
cone oil (SO), the sole long-term vitreous endotamponade on the mar-
ket, can lead to various sight-threatening conditions as cataracts,
glaucoma, and retinal complications, necessitating close monitoring and
subsequent removal surgery, thereby further increasing the socio-
economic burdens [12]. Thus, an urgent need for the development of
ideal biomaterials as vitreous substitutes is warranted.
An optimal vitreous substitute should have proximate properties of

the natural human vitreous. Thus hydrogels, particularly peptide
hydrogels driven by non-covalent interactions, are emerging as prom-
ising candidates due to their similarities with vitreous, such as high-
water content, remarkable optical clarity, and exhibit properties that
are biocompatible, injectable, and possess optimal viscoelasticity
[13–16]. These materials have found versatile biomedical applications,
spanning tissue engineering [17–21], drug delivery [22,23], cancer in-
hibition [24–27], personalized healthcare monitoring [28,29], and
immunomodulation [30–32], with notable relevance in the manage-
ment of ocular diseases. For example, Gao et al. developed an injectable
antibody-loaded supramolecular hydrogel capable of prolonging the
release time of anti-VEGF drugs, effectively inhibiting vascular prolif-
eration in the retina and attenuating choroidal neovascularization [33];
Li and Huang et al. demonstrated the therapeutic efficacy of various
peptide hydrogels in controlling ocular inflammation and their effec-
tiveness in treating non-infectious uveitis [34–37]. Furthermore, Nish-
ida and his colleagues reported a self-assembling peptide hydrogel
capable of filling the vitreous cavity and remaining compatible for 3
months [38].
Inspired by these advancements, this research aims to explore the

potential of peptide hydrogel with different charges as an ideal vitreous
substitute. Previous research has highlighted the profound impact of

surface charge on the biocompatibility and immunogenicity of bio-
materials [39,40]. Consequently, optimizing surface charge is impera-
tive to enhance biocompatibility and diminish immunogenicity for
biomedical applications. In this work, we designed two peptide hydro-
gels, 3K-OX and 3E-OX, featuring positive and negative charges,
respectively (Fig. 1). We systematically investigated their biocompati-
bility, rheological properties, and morphologies. Our in vitro studies
revealed that hydrogel 3E-OX closely resembles the structure and
functions of the native vitreous body, suggesting its suitability as a vit-
reous substitute. Subsequent animal studies, including assessments of
intraocular pressure (IOP), slit lamp, B-ultrasound, optical coherence
tomography (OCT), and histopathological examination, further
confirmed the safety and biocompatibility of hydrogel 3E-OX, with
minimal adverse effects observed. The work not only presents a
compelling vitreous alternative but also provides valuable insights into
the design of human vitreous substitutes.

2. Materials and methods

2.1. Materials

Rink Amide (AM) Resin, Fmoc-protected amino acids, and coupling
reagents were purchased from CSBio (Shanghai) Ltd. Ethyldiisopropyl-
amine (DIPEA) and trifluoroacetic acid (TFA) were supplied by Energy
Chemical (Shanghai, China). L-glutathione oxidized (GSSG) was pur-
chased from Sigma Aldrich (Shanghai, China). Calcein-AM/PI was
purchased from Beyotime (Shanghai, China). All the solvents and re-
agents were used directly as received from commercial sources without
further purification.

Fig. 1. Schematic overview of the preparation of 3E-OX hydrogel and its application for vitrectomized model in New Zealand rabbits. A) Schematic representations
of vitrectomy procedure followed with hydrogel filling. B) Peptides self-assemble into hydrogel mainly through aromatic-aromatic interactions, serving as a vitreous
substitute. The designed peptide sequences are also depicted.

Y. Cai et al. Journal of Controlled Release 376 (2024) 402–412 

403 



2.2. Animals

Twenty-four healthy adult New Zealand White rabbits (male,
average weight of approximately 2.0–3.0 kg; Taiping Biological Tech-
nology Co. Ltd., Hunan, China, Certificate No. 1107302011000647)
were used in this study. The living environment, diet, transportation,
and experimental procedures of animals have followed the guidelines of
the Association for Research in Vision and Ophthalmology, and are
conducted by the approved protocols of the Institutional Animal Care
and Use Committee at the 2nd Xiangya Hospital of Central South Uni-
versity (Approved No. 20231298).

2.3. Peptide synthesis

All the peptides were synthesized via standard Fmoc solid-phase
peptide synthesis strategy using a CSBio synthesizer, with AM Resin
and coupling by DIEA and HCTU. The resin-bound peptide was cleaved
and side-chain deprotected using a cocktail of TFA/phenol/water/trii-
sopropylsilane (88:5:5:2) for 3 h under a nitrogen atmosphere. The resin
mixture was filtered and washed with excess ether. The crude peptide
was obtained by concentrating the filtrate and precipitating it with cold
ether. The crude product was purified by reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC). HPLC solvents comprised
solvent A (0.1 % TFA in water) and solvent B (0.1 % TFA in 9:1 aceto-
nitrile/water). The method employed was a linear gradient from 10 to
80 % solvent B over 30 min, then lyophilized to obtain dry powder. All
purified reduced peptides were analyzed using analytical HPLC and
MALDI-TOF MS.

2.4. Peptide oxidation

Reduced peptides (~1.0 mM) were dissolved in 100 mM phosphate
buffer (pH 7.4) containing 2 equivalents GSSG. After incubation at 37 ◦C
for 2 h, the final product of the oxidation reaction was monitored by
analytical HPLC. The sample was purified by RP-HPLC and lyophilized
to obtain dry powder.

2.5. Hydrogel preparation

In a typical experiment, 2.0 mg 3E-OX peptide was dissolved in 100
μL D.I. water, then adding 100 μL 0.2 ×PBS buffer (137 mM NaCl, 2.7
mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) into peptide so-
lution to trigger hydrogelation. Another 2.0 mg 3K-OX peptide was
dissolved in 100 μL D.I. water and adding 100 μL BTP buffer (100 mM
BTP, 300 mM NaCl, pH 7.4), then adjust the pH of the solution to 12–13
to trigger hydrogelation. The hydrogelation was evaluated by the
inverted tube test as reported previously.

2.6. Circular dichroism (CD) spectroscopy

CD spectra were recorded (260–200 nm) using a Jasco-1500 spec-
trometer (Japan) under a nitrogen atmosphere. The peptide was pre-
pared in the PBS buffer (pH 7.4, 13.7 mM NaCl, 0.27 mM KCl, 1 mM
Na2HPO4, 0.18 mM KH2PO4) and BTP buffer (50 mM BTP, 150 mM
NaCl, pH 7.4) at the concentration of 150 μM as previous described. The
sample was placed evenly on the 1.0 mm thick quartz cuvette and
scanned with a 1 nm interval three times. The resultant CD spectra were
acquired after subtracting the solvent background.

2.7. Oscillatory rheology

The rheological properties, including the storage modulus (G’) and
the loss modulus (G"), were measured by a rheometer (MCR-92, Anton
Paar, Austria) using a 15 mm parallel plate geometry. The 15 mm par-
allel plate geometry was lowered onto the hydrogel sample to a working
gap of 0.5 mm, which was determined to provide good contact between

the geometry and the hydrogel without damaging the sample (zero
normal force). The testing stage was set to 37 ◦C and the standard silicon
oil was used to prevent sample dehydration. The amplitude sweep test
was carried out at an angular frequency of 6 rad s− 1 and an amplitude
range of 0.1 % ~ 100 % strain. The frequency sweep test was performed
at a strain amplitude of 0.2 % strain (found to be within the linear
viscoelastic region). The frequency ranges from 0.01 to 100 rad s− 1 to
measure the storage modulus (G’) and loss modulus (G") of the hydrogel
was measured. The shear thinning measurement is based on the time
mode, and a 1000% stress lasting for 1 min is given at the 60thminute to
continue to detect the two modulus changes of the hydrogel for 60 min.

2.8. Transmission Electron microscopy

TEM images were acquired using a JEOL JEM-2100 PLUSmicroscope
operating at an accelerating voltage of 80 kV. A 1.0 wt% uranyl acetate
solution was employed as the staining agent. Briefly, 10 μL of diluted
hydrogel was applied onto a carbon-coated copper mesh (200 mesh) for
1 min. The excess hydrogel was removed using filter paper, followed by
rinsing with water and staining with uranyl acetate, each step repeated
three times. Excess water and staining agents were removed with filter
paper after each rinse, and the sample was air-dried at room
temperature.

2.9. Cell viability assay

Adult retinal pigment epithelial cell line 19 (ARPE19), and human
dermal fibroblast (NHDF) cells (5000 cells per well) were seeded in 96-
well plates with 100 μL of DMEM medium, and Moorfields/Institute of
Ophthalmology-Müller 1 (MIO-M1) cells (5000 cells per well) were
seeded with 100 μL of DMEM-F12 medium supplemented with 10 %
fetal bovine serum, 100 U mL− 1 penicillin, and 100 μg mL− 1 strepto-
mycin. Following a 24-h incubation at 37 ◦C, 5 % CO2, the culture
medium was replaced with fresh serum-free medium containing 0.01-
500 μM peptides diluted from 10 mM stock solution. The blank medium
was used as a positive or negative control. After a 24-h incubation
period, cells were washed and 100 μL of fresh serum-containing media
was added to each well. 10 μL of (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT, 5 mg mL− 1 in PBS) was added to
each well, and samples incubated for 4 h, then added 10 % sodium
dodecyl sulfate at 37 ◦C overnight to facilitate formazan crystal solubi-
lization. Absorbance was recorded at 570 nm using a UV plate reader
(Spectra Max M2). The absorbance of the negative controls was sub-
tracted from each sample as a blank, and the percent viability was
calculated as follows: (Absorbance peptide-treated cells / Absorbance
untreated cells) × 100 %.

2.10. Scanning Electron microscope

SEM images were collected via a TESCAN MIRA3 LMH (Czech) at
0.5–30 KV accelerating voltage. The hydrogel sample was quickly frozen
in a liquid nitrogen environment to crystallize the water inside the
hydrogel and then lyophilized for at least 24 h to sublimate the ice
crystals. The freeze-dried samples were then placed on a plate filled with
liquid nitrogen, cut with a very fine blade to expose the cross-section,
and finally sprayed with gold.

2.11. Transmittance measurement

Light transmittance of the hydrogel was assessed using a UV/vis
spectrophotometer (UV-1900i, Shimadzu, Japan) across a wavelength
spectrum ranging from 400 to 800 nm, with 0.2 × PBS serving as the
blank sample.
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2.12. Refractive index measurement

The refractive indexes of 3E-OX hydrogels and isolated pig-eye vit-
reous bodies were determined using an Abbe refractometer (WYA–2S,
INESA, Shanghai, China), with water serving as the blank sample.

2.13. Cytocompatibility measurement

Three-dimensional (3D) cell culture images were captured using a
CLSM980 microscope (Zeiss, Germany). Initially, the peptide was ster-
ilized with UV light for 30 min. To encapsulate the cells, the oxidized
peptide was dissolved in 285 mM sucrose and combined with cell sus-
pensions (50,000 cells) prepared in a serum medium. The mixture was
then transferred to 96-well plates and allowed to incubate for 3 h.
Subsequently, 100 μL of complete medium was added, and the Live/
Dead assay was employed to evaluate cell viability within the gels after
24 h. Finally, fluorescence imaging was conducted on the CLSM for Z-
axis scanning.

2.14. Permeability assessment

A 200 μL aliquot of hydrogel 3E-OX was evenly spread on the bottom
of a glass bottle, allowed to stabilize for 3 h, and then supplemented with
1 mL of NBD dye diluted in PBS. Photographs were captured at 1, 5, and
60-min intervals, respectively. To assess hydrogel permeability, the NBD
dye was left in contact with the hydrogel for 24 h, after which it was
removed and replaced with 1 mL of fresh PBS solution. Subsequently,
photographs were taken at 1, 5, 10, 15, 30, and 60-min intervals. The
PBS solution was replaced with a fresh solution after each imaging
session.

2.15. Fluorescence assays

The fluorescence spectrum was recorded using an F2500 fluores-
cence spectrophotometer (Hitachi, Tokyo, Japan) with an excitation
wavelength set to 280 nm. The samples were evenly placed in a 10 mm-
thick quartz cuvette, and the emission spectra were recorded between
300 nm and 450 nm. Finally, the solvent background was subtracted to
obtain the corrected fluorescence spectrum.

2.16. UV/Vis spectroscopy

Different concentrations of peptide solution of 3E-OX were prepared
in 0.1 × PBS buffer and incubated at 37 ◦C for 24 h. The UV/vis spectra
(250–600 nm) were then recorded using a UV 1900i UV-VIS spectro-
photometer (Shimadzu, Japan).

2.17. Vitrectomy surgery

After the exclusion of ocular lesions, compound tropicamide eye
drops were used to dilate the rabbits’ pupils 30 min before surgery.
General anesthesia was performed with a combination of intramuscular
Chlorpromazine (30 mg kg− 1) and 3 % intravenous Pentobarbital so-
dium (1mg kg− 1). A 2-port, 23-gauge pars-plana vitrectomy surgery was
performed by the same experienced surgeon. Following the removal of
as much vitreous as feasible, 1.0–1.5 mL of Lactate Ringer’s solution,
silicone oil, 3E-OX hydrogel, and 3K-OX hydrogel were injected into
each of the rabbit eyes. Postoperative anti-inflammatory and anti-
infective treatments were administered for 14 days.

2.18. IOP measurements

IOP was measured by the TonoVet tonometer (Icare, Finland) on the
center of the cornea. For each rabbit, preoperative and postoperative (1,
3, 7, 15, and 30 days after surgery) IOP data were collected.

2.19. Slit lamp examination

Compound tropicamide eye drops were used to dilate the pupils 20
min before examination. The anterior and posterior segments were non-
invasively recorded by a slit-lamp (Model BL-66B, Bolan Optical Electric
Co. Ltd., Shanghai, China) and a 90D non-contact lens (Volk Optical
Inc.). For each rabbit, preoperative and postoperative (1, 3, 7, 15, and
30 days after surgery) data were collected.

2.20. Optical coherence tomography examination

The real-time spectral-domain optical coherence tomography (Hei-
delberg Engineering) was used to record the structure of the retina and
choroid preoperatively and postoperatively at days 7, 15, and 30 after
surgery. Using the Fiji ImageJ software for retinal and choroid layer
thickness analysis.

2.21. Optical coherence tomography angiography (OCTA) examination

The Swept Source Optical Coherence Tomography System (TO-
WARDS Π, Beijing, China) was used to quantify the retinal vascular
perfusion area at day 15 after surgery. Using the Fiji ImageJ software for
retinal vascular perfusion area, VAD, and VDI analysis. For the vessel
area density (VAD) and vessel diameter index (VDI) analysis, the images
were binarized and skeletonized. VAD = black pixels of selected area in
the binary image / the total pixels in the binary image. VDI = black
pixels of a selected area in the binary image / black pixels of a selected
area in the skeleton image.

2.22. B-mode ultrasonography examination

Using a B-mode ultrasonography device (AVISO) to observe the
turbidity degree of the vitreous cavity. For each rabbit, preoperative and
postoperative (3, 7, 15, and 30 days after surgery) data were collected.
The Fiji ImageJ software was used for the gray value analysis.

2.23. Electroretinogram (ERG) examination

All the rabbits were dark-adapted and dilated 30 min before exam-
ination. After general intravenous anesthesia, ERG examinations were
recorded by the MonPackONE electrophysiological equipment (METRO
VISION). The ground electrode was fixed subcutaneously on the fore-
head of the rabbit, the reference electrode was fixed under the skin of
both ears, and the corneal electrode was placed on the corneal surface.
The full-field ERG was measured, including dark-adapted (DA) 0.01
ERG, DA 3.0 ERG, DA oscillatory potentials, light-adapted (LA) 3.0 ERG
and LA 30 Hz flicker ERG. Each examination was repeated at least three
times.

2.24. Gross anatomy examination

All of the rabbits were subjected to euthanasia and their eyeballs
were enucleated. The anterior section of the eyeballs was meticulously
dissected, and the thorough gross appearance of the lens and vitreous
cavity contents were observed. The posterior portion was incised,
allowing for the examination of the gross morphology of the retina.

2.25. Histopathological examination

All the rabbits were euthanized. The eyeballs were enucleated and
immersed in FAS specimen fixative (Servicebio, Wuhan) for 24 h. Then
the samples were cut longitudinally and embedded in paraffin. The
paraffin block was cut at 5 μm with a microtome (Leica RM2016) and
further stained with Hematoxylin-Eosin (H&E) stain.
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2.26. Statistical methods

Data analysis was performed by SPSS version 28.0. The quantitative
data were presented as mean ± standard deviation (SD). Multiple t-tests
were used to analyze the data for intraocular pressure, B-mode ultra-
sound grayscale value, retinal thickness, and choroidal thickness. VAD
and VDI were statistically analyzed by paired t-test. Due to hetero-
scedasticity in ERG wave amplitude data, variance analysis with the
Dunnett T3 test was used for statistical analysis. Differences were
considered statistically significant at P < 0.05.

3. Results and discussion

3.1. Molecular design

In our previous study, we reported a thiol-rich peptide GCE(Pen)
YPGSCK(Pen)GW (R1), where “Pen” denotes a Cys-like amino acid with
β, β-dimethyl substitution (shown in Fig. 1B). This peptide folded into an

amphiphilic β-hairpin conformation upon oxidation and formed two
hetero-disulfide bonds, leading to the formation of a transparent
hydrogel with high compatibility [41]. Molecular simulations demon-
strated the essential role of the tryptophan residue in facilitating
hydrogel formation. To explore the influence of surface charges on the
suitability of peptide hydrogel as a vitreous substitute, we design two
peptides, 3E and 3K, by incorporating three glutamic acid residues (E,
negative charge) and three lysine residues (K, positive charge) at the N
terminal of sequence (Fig. 1B). Among the 20 natural amino acids, both
E and D possess negative charges, while K, R and H possess positive
charges. Here, we chose E and K to regulate the charge of peptides.
Peptides 3E-OX and 3K-OX were obtained by oxidizing peptides 3E and
3K, respectively, following our previously reported method (Fig. S1 and
Fig. S2) [41]. Compared to linear peptide-based hydrogels, the
disulfide-rich peptide hydrogels in this work offer greater stability under
physiological conditions due to their cyclic structures. This increased
stability can be advantageous for in vivo applications [42,43].

Fig. 2. Characterization of peptide assemblies and their hydrogels. A) CD spectra of 150 μM 3E-OX in PBS buffer (27.4 mM NaCl, 0.54 mM KCl, 2 mM Na2HPO4, 0.36
mM KH2PO4, pH 7.4) and 3K-OX in BTP buffer (50 mM BTP, 150 mM NaCl, pH 7.4). B) Rheological measurements tracking the storage moduli (G’) and loss moduli
(G") of hydrogel 3E-OX and 3K-OX over time, show the shear-thin recovery property. TEM images of 1.0 wt% 3E-OX C) and 3K-OX D) hydrogels, scale bar = 100 nm.
E) Cytotoxicity of 3E-OX and 3K-OX against ARPE19 cells after 24 h of incubation. F) Live/Dead assay of ARPE19 cells after seeding into 1.0 wt% 3E-OX hydrogel for
24 h.
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3.2. Characterization of peptide hydrogels

To examine their self-assembly behaviors, CD was used to elucidate
the conformational changes of these peptides under physiological con-
ditions. As shown in Fig. 2A, both 150 μM solutions of 3E-OX and 3K-OX
exhibited a β-sheet-like structure, indicating the formation of disulfide
bonds promotes the adoption of a β-hairpin conformation by the pep-
tide, thereby facilitating peptide self-assembly and hydrogelation. In
contrast, the linear peptides display a random coil structure under the
same conditions. Subsequently, fluorescence spectroscopy was utilized
to further characterize their self-assembly behavior. Fig. S3 illustrates a
blue shift in the maximum emission wavelength from 351 nm to 348 nm
when 3K-OX was prepared in a bis-tris propane (BTP) buffer. Addi-
tionally, a decrease in the fluorescence intensity of 3K-OX in BTP buffer
compared to that in water was also observed, suggesting reduced solvent
exposure of tryptophan residues and indicating the occurrence of self-
assembly events in the BTP buffer. Similar observations were made for
3E-OX [44]. Furthermore, we employed UV/vis spectroscopy to eval-
uate the mechanism of self-assembly. A new peak appeared around 355
nm when the concentration of 3E-OX increased to 300 μM, indicating
the π-π interactions from the indole ring in tryptophan residues
(Fig. S4). Collectively, these results suggest that tryptophan residue is
essential for the self-assembly of these peptides. Then, peptide solutions
(2.0 %, w v− 1) were prepared in glass vials by dissolving 2 mg of 3E-OX
or 3K-OX in 100 μL deionized water. To this solution, an equal volume of
0.2×phosphate buffered solution (PBS) or BTP buffer (100 mM BTP,
300 mM NaCl, pH 7.4) was added to initiate the hydrogelation. It is
noteworthy that the hydrogel intended for vitrectomy should undergo a
buffer exchange process with PBS.
The rheological properties of the hydrogel were evaluated using

oscillatory rheology. As shown in Fig. 2B, both 3E-OX and 3K-OX un-
derwent self-assembly into hydrogels within the initial 60 min, with G′

values of approximately 1.0 × 103 and 1.5 × 102 Pa, respectively. The
different rigidity of these two hydrogels may be caused by different net
charges of these peptides under physiological conditions. Subsequently,
a large strain (1000 %) was applied for 1 min to thin the hydrogel 3E-
OX, which recovered completely within a few minutes when the
applied strain was reduced to 0.2 %, indicative of its shear-thin recovery
properties. A similar trend was observed in gel 3K-OX. This behavior
indicates that the hydrogel could be administered as a liquid and rapidly
gel upon reaching the vitreous cavity. Additionally, Fig. 2C and Fig. 2D
illustrate that both peptides form transparent hydrogels, and trans-
mission electron microscopy (TEM) images reveal a network rich in
nanofibers constituting the morphology of the hydrogel matrix. The
measured width of the fibers in hydrogels 3E-OX and 3K-OX are around
4.9 nm and 4.8 nm, respectively. It should be noted that there are some
wider fibers in the TEM image of hydrogel 3E-OX, which may be
attributed to the superposition of two or more single fibers (Fig. S5).
The cytocompatibility of hydrogel is paramount for its potential

application as a vitreous substitute. Hence, we evaluated the cytotox-
icity of these peptides against ARPE19, NHDF, and MIO-M1 cell lines.
The results in Fig. 2E and Fig. S6 show that peptide 3E-OX demonstrates
minimal cytotoxicity towards both ARPE19, NHDF, and MIO-M1 cells,
whereas peptide 3K-OX exhibits significant cytotoxicity towards both
cell lines when the concentration exceeds 100 μM. The poor biocom-
patibility observed in 3K-OX may be attributed to the excess positively
charged lysine residues, which could potentially disturb the negatively
charged cell membrane, leading to cytotoxicity. Consequently, peptide
3K-OX is unsuitable for further investigation as a vitreous substitute. To
further validate the biocompatibility of hydrogel 3E-OX, we utilized this
hydrogel as a 3D scaffold for cell culture. As illustrated in Fig. 2F,
ARPE19 cells maintained high viability within the hydrogel, indicating
this peptide-based biomaterial has minimal negative impact on cell
viability.

Fig. 3. Physical properties of the peptide hydrogel. SEM images of A) 1.0 wt% hydrogel 3E-OX and B) vitreous, scale bars are 20 μm and 10 μm from left to right. C)
transmittance comparison between the native vitreous and hydrogel 3E-OX. D) Permeability assessment of fluorescein sodium dye penetrating in (left) and out (right)
of hydrogel 3E-OX and native vitreous at various time points.
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3.3. Physical properties of hydrogel 3E-OX

The native vitreous, comprising 98 % water along with a network of
collagen and proteoglycans, shares a striking resemblance to hydrogel
structures [45]. Given its potential as an ideal vitreous substitute, pep-
tide hydrogel 3E-OX is anticipated to resemble the morphologies of the
vitreous body. To verify this hypothesis, scanning electron microscopy
(SEM) was utilized to visualize the morphologies of the hydrogel 3E-OX

matrix alongside the vitreous body of the eye. As shown in Fig. 3A and
Fig. 3B, both hydrogel 3E-OX and vitreous body exhibit highly similar
porous structures. Optical transparency is another crucial criterion for a
vitreous substitute. Fig. 3C demonstrates that hydrogel 3E-OX exhibits
acceptable transmittance across the visible light wavelength range
(400–800 nm), which is very close to the native vitreous body. Addi-
tionally, the refractive index of hydrogel 3E-OX closely mirrors that of
the native vitreous body, ranging from 1.3395 to 1.3410 at 552 nm,

Fig. 4. Safety assessment of peptide hydrogels through intraocular pressure measurement and anatomical examination. A) Schematic depiction of standard pars
plana vitrectomy procedures and hydrogel injection. B) Monitoring of post-injectional intraocular pressure over time. Slit-lamp photographs illustrating the anterior
segment C) and fundoscopy images D) at various time points following injection. IOP is presented as mean ± SD. Multiple t-tests were conducted to analyze
intraocular pressure data. Rabbit groups consisted of n = 3–6 individuals.
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thereby mitigating potential postoperative refractive shifts (Fig. S7) [6].
Moreover, physical properties such as pH and density were evaluated to
assess the compatibility of peptide hydrogel as a vitreous substitute. As
summarized in Table S1, the pH of hydrogel 3E-OX remains within
physiological conditions (7.0–7.25), similar to the pH of the human
vitreous (7.0–7.4) [6]. Similarly, the density of hydrogel 3E-OX
(1.0669–1.1383 g cm− 3) closely approximates that of the human vitre-
ous (1.0053–1.0089 g cm− 3) [6]. The slightly denser than water makes
3E-OX a suitable endotamponade that eliminates the need for patients to
remain prone for long periods after surgery. Meanwhile, an ideal vit-
reous substitute should exhibit excellent permeability to facilitate
metabolic exchange and maintain normal intraocular microenviron-
ment and homeostasis [46]. Fluorescein sodium, a model molecule with
a molecular weight of 356 Da, was utilized to assess the permeability of
hydrogel 3E-OX. As illustrated in Fig. 3D, fluorescein sodium rapidly
diffused into the hydrogel, permeating the entire hydrogel matrix within
60 min, similar to the permeability observed in the native vitreous body.
Furthermore, the release rate of trapped small molecules within the

hydrogel was examined. Fig. 3D’s right panel indicates a gradual release
of fluorescein sodium release into the surrounding environment over 60
min, slightly slower than that of the native vitreous body. Permeability
tests with silicone oil (Fig. S8) demonstrated poor permeability, while a
high molecular weight red fluorescent protein (mCherry, M.W.: 28 kDa)
exhibited limited diffusion into hydrogel 3E-OX within a short time,
similar to the native vitreous body (Fig. S9). This limited permeability of
large molecules may contribute to maintaining intraocular microenvi-
ronment stability [47]. These findings collectively suggest that hydrogel
3E-OX possesses excellent permeability of small molecule transportation
while impeding macromolecule penetration, indicating its potential as a
promising vitreous substitute. In addition, we also evaluated the sta-
bility of hydrogel 3E-OX in vitro. As shown in Fig. S10, 3E-OX main-
tained high stability during the experimental period (at least one week)
after being covered with 1 mL PBS buffer and shaken at 37 ◦C. Notably,
Fig. S11 showed that peptide 3E-OX can still be observed three months
after implantation, further suggesting its high stability in vivo.

Fig. 5. Structural safety assessment of 3E-OX using B-ultrasound, OCT, and OCTA imaging. A) Representative B-ultrasound images over time indicate a flat fundus in
all rabbit eyes across the LRS, SO, and 3E-OX groups. B) Representative images of OCT at various time points reveal comparable structural integrity of the retina and
choroid between the 3E-OX and control groups, scale bar = 200 μm. Quantification of retinal and choroidal thickness over time shows no statistically significant
changes within 30 days. Retinal and choroidal thickness are presented as mean ± SD. Multiple t-tests were used to analyze the data for retinal thickness and choroidal
thickness, with n = 3–6 in rabbit groups. C) Representative OCTA images at day 15 illustrate normal blood vessel distribution across all groups, scale bar = 1 mm.
The quantification analysis of the retinal vascular perfusion area suggests no statistical differences among the three groups, with n = 3 in rabbit groups.
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3.4. Evaluation of biocompatibility of peptide hydrogels in vivo

To assess the in vivo biocompatibility of hydrogel 3E-OX, we estab-
lished a vitrectomized endotamponade model in New Zealand white
rabbits. The gel was injected into the vitreous cavity (Fig. 4A and
Fig. S12), with LRS and SO serving as control substances, as they are
commonly used as vitreous substitutes in clinical practice. All of these
vitreous endotamponades were injected into the vitreous cavity only
once on the day of surgery. Subsequently, we monitored the structure
and function of the rabbit eyes for one month to evaluate biocompati-
bility. Firstly, our findings revealed that the peptide hydrogel can be
administrated more easily through a 23G incision compared to SO, with
less resistance during injection, and the procedures being simpler and
more accessible. As shown in Fig. 4B, IOP fluctuations remained within
the normal range (11-21 mmHg) for all groups except the 3K-OX group
(>21 mmHg). Notably, intraocular toxicity was observed in the 3K-OX
group on the first week post-surgery, characterized by the lens and
vitreous opacity (Fig. 4C and Fig. S13), fundus invisibility (Fig. S14),
and dissolved retina (Fig. S15). This suggests that positively charged
hydrogel may trigger a reaction with intraocular tissue, leading to severe
intraocular inflammation. In contrast, rabbits implanted with LRS, SO,
and 3E-OX hydrogel exhibited no significant inflammatory reactions in
either the anterior or posterior segments. Furthermore, all tamponades
remained clean and optically clear within the vitreous cavity (Fig. 4C
and Fig. 4D), indicating superior biocompatibility in these three groups
warranting further investigation.
To further evaluate the influence of hydrogel on intraocular tissues

and retina, we employed B-ultrasound, OCT, OCTA, and H&E staining to
assess the structural changes in the operated eyes. The B-ultrasound

results (Fig. 5A) revealed a consistently flat fundus treated with intra-
ocular LRS, SO, and 3E-OX, indicating proper adhesion of the retina to
the posterior eye wall. Notably, in the 3E-OX group, a transient increase
in the gray value of the vitreous cavity was observed, returning to
baseline levels by day 30. This suggests potential ultrasound scatter at
the gel-liquid interface and/or gradual degradation of the hydrogel over
time. Similar transient alternations were noted in the LRS group, sta-
tistically comparable to 3E-OX (Fig. S16). Recognizing such transient
changes is critical as they may affect ultrasound interpretations, offering
valuable insights into hydrogel behavior and biocompatibility within
the ocular environment. Furthermore, 3E-OX hydrogel exhibited an
advantage over SO in preventing the false enlargement of the vitreous
cavity in ultrasonography, enhancing the accuracy of retinal assessment,
and minimizing misleading artifacts. However, in the 3K-OX group, the
retinal detachment was found on day 7 after surgery (Fig. S13), sug-
gesting a compromised ocular environment associated with this posi-
tively charged hydrogel.
The OCT imaging in Fig. 5B revealed consistent and clear retina and

choroidal structures in both 3E-OX and control groups at each time
point. Measurements of retinal and choroidal thickness remained un-
changed up to day 30, suggesting the safety of 3E-OX on these structures.
More importantly, OCTA allowed noninvasive quantification of retinal
vascular perfusion area, VAD, and VDI (Fig. S17 and Fig. S18), marking
the first study to evaluate the effects of vitreous substitutes on retinal
vasculature. As depicted in Fig. 5C, within 15 days post-surgery, the
distribution of blood vessels appeared normal in all three groups, indi-
cating that 3E-OX did not cause short-term abnormalities in the retinal
vascular system. Gross evaluation on day 30 revealed no other
anatomical defects in the 3E-OX group (Fig. S15), and the

Fig. 6. Functional assessment of rabbits at 15 days post-implantation. A) Representative images of ERG on day 15. B) Quantitative analysis of the ERG amplitude
showed no significant difference between the 3E-OX group and control groups on day 15. ERG wave amplitude data were analyzed using variance analysis with the
Dunnett T3 test. Rabbit groups consisted of n = 3–6.
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histopathological examination confirmed intact and articulated retinal
layers in the hydrogel-injected eyes (Fig. S19). Collectively, hydrogel
3E-OX exhibited superior performance than 3K-OX, without significant
inflammatory and toxic response, thus warranting further investigation
as a vitreous substitute. Since hyaluronic, a component of the vitreous
body bears a substantial negative charge, the excess positively charged
lysine residues may interact with it and contribute to its toxicity.
Full-field electroretinography served as a valuable, objective tool for

assessing the overall electrical activity of the retina, offering insights
into the functionality of retinal visual formation and microcirculation
[48]. As depicted in the ERG results presented in Fig. 6, no notable
differences were observed between the eyes injected with the hydrogel
and the control eyes on day 15. This suggests that the retinal cells
exhibited good tolerance to the presence of the hydrogel over this
period. These findings indicate that the 3E-OX hydrogel can provide a
supportive function for at least 15 days, a critical duration for facili-
tating retinal self-repair processes. This implies that the hydrogel serves
as a suitable substrate for maintaining retinal integrity and function
during the crucial initial phases of healing and regeneration [49]. Such
support may potentially enhance the overall efficacy of therapeutic in-
terventions aimed at promoting retinal health and recovery.

4. Conclusion

The challenges presented by current vitreous substitutes significantly
hamper the post-vitrectomy prognosis of vitreoretinal diseases. This
study has developed a novel self-assembling peptide hydrogel (3E-OX),
featuring a three-dimensional network structure and the ability to hold
large amounts of water. This constructed peptide hydrogel closely
mimics native vitreous characteristics, exhibiting excellent optical
clarity, porous structures, and high permeability facilitating metabolic
exchange, and biocompatibility. Compared to clinical alternatives and
synthetic polymer hydrogels, the hydrogel 3E-OX offers several distinct
advantages: i. Excellent biocompatibility stemming from its primary
composition of amino acids [50,51]; ii. Shear-thinning recovery prop-
erties, allowing injection through small-gauge incisions in the eye, while
maintaining optimal mechanic strength post-injection [52]; iii. Simpli-
fied hydrogel preparation, involving the straightforward mixing of
peptide solution with a physiological buffer. iv. Complete and harmless
degradation, which avoids the risk and challenge of removing unreacted
monomers, dopant ions, and residual solvents [53]. Based on recent
work on peptide self-assembly, it is worth further exploring the mech-
anism of hydrogel 3E-OX formation to provide a deeper understanding
of engineering peptide hydrogels in the future [54–56].
In summary, we thoroughly investigated the potential for intraocular

use of hydrogel 3E-OX by characterizing its physicochemical properties.
Furthermore, comprehensive assessments of the short-term biocompat-
ibility of 3E-OX were conducted at both cellular and animal levels.
Notably, we pioneered the utilization of whole-field scanning optical
coherence tomography to perform retinal microvascular detection in
non-pigmented rabbits. This novel approach enabled us, for the first
time, to quantitatively evaluate the microvascular effects of intraocular
tamponade materials. This advancement represents a crucial verifica-
tion method for assessing the safety and applicability of such materials.
Overall, our findings not only introduce a novel method for evaluating
the performance of vitreous substitutes but also provide a promising
alternative for their application in clinical settings.
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