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ABSTRACT

Introduction: Vitreous substitutes are crucial adjuncts during vitreoretinal surgery for retinal detachment, macular holes, and

vitreous hemorrhage. However, current vitreous substitutes pose limitations, including but not limited to their postoperative

decrease in visual sharpness, nonfavorable refractive indices, and complications such as glaucoma, cataract, and retinal toxicity.
Methods: We conducted a systematic review to evaluate the biological, physical, and clinical properties of novel experimental
vitreous substitutes in animal and human models. We performed a systematic search on Ovid Medline, Embase, and Scopus

from January 1, 1990, to October 10, 2025. Studies were included if they reported on any of the following three aspects: optical

properties, biological interactions, or clinical outcomes.

Results: Out of 11,045 search results, 37 studies investigating novel hydrogels (n = 15), polymers (n = 5), liquids (n = 5), and

devices (n = 12) were included. Among these, 16/37 substitutes had >80% success in tamponade of retinal detachments, 12/37
showed high tissue biocompatibility, 15/37 demonstrated low ocular inflammation, 13/37 exhibited optical properties similar to
native vitreous, and 14/37 were associated with no significant changes in intraocular pressure.

Conclusions: Novel experimental vitreous substitutes, such as UV-CHA, Vitargus ABV-1701, PanaceaGel SPG-178, E1I0KDC18,
or FCVB, show the most promising biological, optical, and physical properties for additional investigation as vitreous substitutes.

1 | Introduction

Vitreous substitutes are crucial adjuncts during vitreoretinal
surgery to treat conditions such as retinal detachment (RD),
macular holes, and complications of diabetic retinopathy. In
cases of RD, a key determinant of a positive outcome involves
the type of vitreous substitute used as an endotamponade to at-
tach the neurosensory retina back to the underlying retinal pig-
ment epithelium (RPE) [1, 2].

Currently, common vitreous substitutes include sterile room
air, expansile gasses such as sulfur hexafluoride (SF), per-
fluoropropane (C,Fy), and perfluoroethane (C,F), liquids
such as balanced salt solution (BSS), perfluorocarbon liquids
(PFCLs), semifluorinated alkanes (SFAs), silicone oils, and
heavy silicone oils [1]. These substitutes have favorable op-
tical properties, are chemically inert, and serve as an effec-
tive tamponade. However, these current vitreous substitutes
pose limitations in terms of postoperative decrease in visual
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sharpness, nonfavorable refractive indices, significant need
for patient positioning, as well as complications including cor-
neal toxicity, cataract, glaucoma, intraocular inflammatory
reactions, emulsification, retinal toxicity, intraretinal layer
disruption, and removal surgeries in the case of nonresorb-
able fluids [3, 4].

Given the inherent limitations with current vitreous substitutes,
a search for a novel substitute is being undertaken. An ideal
substitute would share similar biophysical properties as the na-
tive vitreous, including sharing the same filling function inside
the vitreous cavity, similar viscoelastic properties, allowing the
diffusion of metabolites, gasses, and drugs, being nonimmu-
nogenic and inert to surrounding ocular structures, as well as
maintaining normal intraocular pressure (IOP) [3, 4]. Perhaps
most importantly, the postoperative substitute should have suf-
ficient surface tension and density to act as a retinal tampon-
ade. If biodegradation or bioresorption does occur, the substitute
should break down into nontoxic by-products that are easily ab-
sorbed by ocular tissues and be removed at a rate that allows
for sufficient time for a robust internal tamponade effect. A key
determinant of success is using a nonswelling material thereby
preventing increased IOP, which can lead to glaucoma. In addi-
tion, an optically transparent substitute with a refractive index
similar to that of the native vitreous would facilitate vision, and
an injectable substitute would provide ease of delivery during
standard vitreoretinal surgery [2-4].

Over the past three decades, research in animal and human
models has focused on finding the ideal vitreous substitute. To
date, there has been no comprehensive systematic review of the
research progress on experimental vitreous substitutes. The aim
of this systematic review is to examine the optical, biological,
and clinical outcomes of experimental vitreous substitutes eval-
uated in animal and human models over the last 30 years.

2 | Methods
2.1 | Eligibility Criteria

A systematic search of the literature was conducted on Ovid
Medline, Embase, and Scopus between January 1st 1990 and
October 10th 2025 to identify relevant experimental substitute
studies. A search strategy, developed in conjunction with an ac-
ademic librarian, was performed independently by two authors
(T.S.J. and E.L.Y.) to identify relevant studies. This review's pro-
tocol was registered on PROSPERO (CRD42022354865) prior
to the commencement of the study. The search strategy results
were combined, and duplicates were removed. The selection of
studies was outlined according to Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

Primary research studies were included if:

1. Avitreous substitute was considered “novel.” This is defined
as being studied as part of experimental research and also
not being an established vitreous substitute such as room
air, expansile gasses such as SF, and C,F,, liquids such as
BSS, PFCLs, SFAs, silicone oils, and heavy silicone oils un-
less being compared with an experimental substitute.

2. The novel vitreous substitute was evaluated in vivo in an
animal or human model with at least n > 10 eyes.

3. The vitreous substitute reported on at least one of the
following:

a. Optical properties of the vitreous substitute, such as re-
fractive index.

b. Biological interactions, including physiological effects
such as ocular tissue toxicity.

c. Clinically relevant outcomes, such as efficacy of ret-
inal tamponade, electroretinogram (ERG) measure-
ments, and surgical complications, of the novel vitreous
substitute.

Studies were excluded if they were nonprimary research articles,
such as reviews and practice guidelines, nonpublished and/or
nonpeer-reviewed resources, or non-English articles. Beyond
the database search, the reference lists of all included studies
were reviewed to identify further relevant studies.

2.2 | Study Selection and Data Extraction

Two reviewers (T.S.J. and E.L.Y.) independently screened titles
and abstracts for eligibility criteria in duplicate. Full-text man-
uscripts were reviewed to determine final inclusion. Any dis-
crepancies were resolved by consensus decision of the same two
authors (T.S.J. and E.L.Y.). A predetermined form was filled out
with variables of interest, which included date of publication,
journal, type of subjects, number of subjects, type of vitreous
substitute, optical properties, biological interactions, and clini-
cal outcomes, if reported.

2.3 | Risk of Bias Evaluation

The Systematic Review Centre for Laboratory Animal
Experimentation (SYRCLE) Risk of Bias Assessment tool
[5] and the Cochrane Collaboration Risk Of Bias In Non-
randomized Studies of Interventions I (ROBINS-I) tool [6]
for human studies were used to evaluate the risk of bias of all
participants.

2.4 | Outcome Evaluation

Results were reported using descriptive statistics. The main
outcomes are (1) biocompatibility as measured by cell toxicity,
morphological integrity, and so on., (2) physical properties such
as optical properties, intraocular tamponade efficacy, intraop-
erative surgical parameters, and (3) clinical outcomes including
postoperative visual acuity, retinal reattachment rate, IOP, other
postoperative complications such as cataract, glaucoma, uveitis,
retinal toxicity, and so on, and patient-reported outcomes, as
available.

2.5 | Data Availability

The authors confirm that the data supporting the findings of
this study are available within the article and tables.
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2.6 | Table of Contents

Current vitreous substitutes pose limitations in terms of optical
outcomes post vitreoretinal surgery. This systematic review exam-
ines properties of novel experimental vitreous substitutes. It con-
cludes that UV-CHA, Vitargus ABV-1701, PanaceaGel SPG-178,
E10KDCI18, or foldable capsular vitreous body (FCVB) pose the
most promise for their biological, optical, and physical properties.

3 | Results
3.1 | Study Selection

The literature search identified 11,045 potentially eligible stud-
ies. After exclusion of duplicates and review of abstracts, 10,591
studies were excluded (Figure 1). On full-text review, further
studies were excluded, resulting in 37 final included studies. The
primary reason for exclusion was studies that did not evaluate
novel vitreous substitutes or studies with <10 eyes evaluated
with a novel vitreous substitute.

3.2 | Study Characteristics
Included studies are summarized in Table 1. A total of 37 stud-

ies published between 1990 and 2025 met all inclusion criteria.
Experimental vitreous substitutes investigated across these

studies comprised polymers (n = 19), liquids (n = 6), and devices
(n = 12). Studies published within the last 3 years that did not
meet the minimum sample size criterion (n < 10 eyes) are sum-
marized separately in Table 2 to provide additional context on
emerging work in the field.

3.3 | Risk of Bias Assessment

The SYRCLE Risk of Bias Assessment tool for animal studies was
used to assess all animal studies (n = 28; Table 3). The SYRCYLE
tool showed wide heterogeneity in the design of animal studies.
Only 6/28 animal studies controlled for group characteristics to be
similar at baseline and adjusted for confounders in the analysis.
One out of twenty-eight animal studies concealed group alloca-
tion. Three out of twenty-eight animal studies utilized random
animal housing during the experiment. One out of twenty-eight
animal studies had the caregivers and/or investigators blinded
from knowledge of which intervention each animal received
during the experiment. Two out of twenty-eight animal studies
selected animals at random for outcome assessment. One out of
twenty-eight study utilized a blinded assessor for outcome.

The ROBINS-I tool was used for human studies (n=9);
Table 4). The ROBINS-I tool showed wide heterogeneity in
the design of human studies. Five out of nine human stud-
ies showed “low” bias due to confounding factors. Seven out
of nine human studies showed “low” bias in the selection of

[ Identification of studies via databases and registers ]
()
_5 Records removed before
s Records identified from*: screening:
= Databases (n = 11,041) > Duplicate records removed
g (n=2,054)
o
—
v
Records screened -~ Records excluded**
(n = 8986) (n=8531)
v
Reports sought for retrieval
%’3 (n = 456)
g
[
&
3 v
Reports excluded:
Reports assessed for eligibility . .
(n=102) ——| Number of subjects <10 eyes in
experimental group (n = 37)
Not novel experimental vitreous
investigated (n = 17)
Not investigated in human or
animal model (n = 11)
v
3
s} Studies included in review
3
E (n=37)

FIGURE1 | PRISMA flow diagram of study identification and selection.
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participants. All 9/9 studies showed “low” bias in the selec-
tion of the reporting results and “low” bias in measurement
outcomes.

3.3.1| Findings

3.3.1.1 | Hydrogels. The biocompatibility of Healaflow, a
crosslinked hyaluronic acid (HA) hydrogel, was studied in 12
pigmented rabbits (12 eyes) that underwent combined 25-20G
pars plana vitrectomy (PPV) with posterior vitreous detach-
ment (PVD) to assess biocompatibility [7]. A total of 1mL
of Healaflow was administered. No specific disease state such
as RD was studied. Rabbits were euthanized at variable time
points between 42 and 105 days. Two eyes experienced iatro-
genic partial RD, and two eyes developed significant cataracts
from intraoperative complications. One rabbit was lost due to
unrelated reasons. Postoperatively, there were no significant
inflammation, infection, or corneal changes. Postoperative IOP
was elevated in all rabbits (15-25mmHg), with no reported
level of significance. The iatrogenic RDs were self-limited after
long-term follow-up. However, the gel was only able to maintain
its viscous structure in the cavity for 2 weeks before losing its
viscosity during the postoperative period. Healaflow was found
to have a refractive index of 1.341, and no light transmission
was reported. Functional assessment on ERG revealed no sig-
nificant difference in the amplitude of rod and cone responses
in treated animals 3 months postinjection compared with their
preoperative baseline. Hematoxylin and eosin (H&E) staining
revealed normal retinal morphology. The number of apoptotic
cells did not increase following hydrogel treatment as examined
with TUNEL staining. Mild inflammatory reaction was seen
as demonstrated by an increase in glial acidic fibrillary protein
(GFAP) labeling compared with unoperated eyes.

Poly-N-vinylpyrrolidinone (NVP)-based hydrogels were stud-
ied in 10 pigmented rabbits (19 eyes) that underwent pars plana
incision with sclerostomy knife, followed by insertion of dry
cylindrical specimens to assess substitute biocompatibility [8].
No PPV gauge was reported. The experiment assessed differ-
ent compositions of NVP combined with either a biodegradable
crosslinker (BC) or a stable crosslinker (SC, tetraethylene gly-
col dimethacrylate). Compositions included Material A (1:10.5
molar ratio/BC:NVP; 5 eyes), Material B (1:105/BC:NVP; 5 eyes),
Material C (1:1000/BC:NVP; 5 eyes), Material D (Poly[NVP];
1 eye), Material E (1:10.5/SC:NVP; 1 eye), Material F (1:105/
SC:NVP; 1 eye), and Material G (1:1000/SC:NVP; 1 eye). The vol-
ume of the substitute administered was not reported. One rabbit
that received Material A died unexpectedly 9 weeks postopera-
tively due to pneumonia. One rabbit (who received B and C) and
two other rabbits (who received D, E, F, and G) were euthanized
at 34- and 36-weeks postimplantation, respectively. These rab-
bits' eyes were enucleated and studied, whereas the other rabbits
were not euthanized due to the authors' plan to complete an-
other study on substitute biocompatibility with longer follow-up.
Material A did not induce any inflammation, irritation, edema,
or encapsulation postoperatively. Material B caused a cataract
in one eye due to the polymeric cylinder being attached to the
lens. Material C demonstrated some erythrocytes in the vitre-
ous in one of the enucleated eyes. Implantation of poly(NVP)
alone did not lead to any observed effects such as inflammation

or infection. Via histopathological examination, no cellular
reaction to the implants was observed. Optical outcomes and
physical properties reported include the following: Material A
was found to dissolve and degrade by approximately 70% within
1 week and changed from transparent to opaque white within
several hours in vitro, but returned to transparent; Material
B exhibited faster degradation with dissolution within 1 day;
Materials C and D dissolved shortly after incubation; Material
E demonstrated similar characteristics to Material A; Material F
was similar to Material B; and, Material G was akin to Materials
C and D. In conclusion, out of all materials, Materials A-C are
the best candidates for further investigation as vitreous substi-
tutes due to their smooth swelling and the absence of inflamma-
tion, irritation, and infection. However, these materials rapidly
degraded, not making them ideal candidates for a vitreous sub-
stitute. These materials should be formulated as microspheres
instead of cylinders, as was done in these in vivo studies, to
avoid complications of swelling. In addition, drug release from
Materials A-C is a future avenue of application due to the damp-
ening of burst release seen with these materials.

A glycidic methacrylate-modified HA hydrogel UV crosslinked
with NVP (UV-CHA) was studied in 12 rabbits (12 eyes) that
underwent 20G PPV for RD. [9] The volume administered was
not specified. The success rate of retinal attachment was found
to be 67% at 6 weeks. In 33% of operated eyes, iatrogenic RD
occurred during PPV. In 75% of these RDs, the retina remained
attached at the final follow-up visit. No signs of inflammation
or disintegration of the hydrogels were found on slit lamp ex-
amination and fundoscopy. No other abnormal findings were
reported. IOP was normal during the entire follow-up (no sig-
nificance level reported). Synthesized hydrogels were clear and
had a refractive index (n = 1.338) that was found to be similar
to human vitreous. Rheological assessment suggested adequate
viscosity and elasticity for intraocular use. UV-CHA hydrogel
degraded in vitro over a period of 30 days, with a faster rate
of degradation the first 15 days and then a slower rate for the
next 15 days. Biocompatibility studies in vivo show that ERG
B-wave amplitudes and latencies were not significantly different
between the control and UV-CHA gel treated eyes. In vivo sta-
bility showed that the UV-CHA gel remained fully intact after
6 weeks. In an ARPE19 cell culture treated with the UV-CHA
gel, no increase in the number of dead cells was observed with a
cell viability assay. This cell biocompatibility was confirmed on
a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide
(MTT) assay and Alamar blue assay, measuring mitochondrial
activity of RPE cells. Lastly, healthy retinal structure and nor-
mal cell morphology were observed on H&E for the UV-CHA
gel 6 weeks postoperatively. Notably, crosslinking can influ-
ence the biocompatibility of the gel. In this case, crosslinking
HA with adipic dihydrazide (ADH) by carboxylation with
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDCI) after hydrazation led to increased cell toxicity on
ARPE19 cells both on cell viability and metabolic assays.

Two concentrations (24 and 40mg/mL) of UV-CHA hydrogel
were compared with 0.9% saline as an experimental vitreous
substitute. Twenty rabbits (20 eyes) underwent 20G subtotal vit-
rectomy, followed by injection of 1.0-1.2mL of one of the three
substances [10]. No specific disease was studied. Twelve eyes
were included in the statistical analysis as five rabbits died of
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pneumonia, two developed iatrogenic RD, and one developed
iatrogenic cataract. UV-CHA remained stable for more than 6
weeks in the vitreous cavity of rabbits. No cataracts developed,
and although IOP was increased on postoperative Week 1, it
was observed to decrease gradually until it normalized to be
close to the control group by postoperative Week 4 (p > 0.05).
Throughout the observation period, all corneas remained trans-
parent, conjunctival congestion resolved within 3 days of sur-
gery, and the anterior chamber remained clear. The refractive
index of UV-CHA hydrogel was similar to the human vitreous
body and water, although the specific value was not reported.
The kinematic viscosity of UV-CHA was 61-94Pa-s, signifi-
cantly higher than that of silicone oil (4.88 Pa-s). Schramm et al.
found that high viscosity of crosslinked gel is deemed important
for providing mechanical resistance to proliferative vitreoreti-
nopathy (PVR) [9]. Despite showing no abnormalities on ocular
B ultrasound compared with the control, on H&E staining, the
24mg/mL group showed uneven rod and cone arrangements.
The 40 mg/mL group showed thinning of the outer nuclear layer
(ONL) with an increase in outer plexus layer (OPL) thickness.
In transmission electron microscopy, the 24 mg/mL UV-CHA
treatment showed normal outer segments on rods with healthy
microfilament microtubules and uniform cytoplasm, similar to
the control. However, in the 40 mg/mL condition, microtubules
were damaged and the ultrastructure fuzzy.

A thiol-modified crosslinked hyaluronate (TCHA) hydrogel was
studied in both soft and strong formulations as a vitreous body
substitute (VBS) in 16 pigmented rabbits (16 eyes) that under-
went 23G PPV followed by subretinal injection of BSS to induce
RD. [11] It was compared with silicone oil injected in eight eyes
with similar operative conditions and followed up for 4 weeks.
The volume of substitute administered was not specified. The
success rate of retinal reattachment was found to be 73% at 28
days in hydrogel treated eyes. All eyes had a moderate amount
of fibrin in the anterior chamber on postoperative Day 1 (POD1).
In the VBS soft group, the fibrin completely resolved in all eyes
at the final follow-up, whereas in the VBS strong group, mild
amounts of fibrin were observed in 38% of animals at the end
of the study. In the silicone oil group, 88% of rabbits developed
a partial (one animal) or even total RD (six animals) with pro-
nounced PVR within the first 2 weeks after surgery. In the
VBS strong group, 38% of rabbits developed a new RD, 67% of
which were partial RDs. No RDs were observed in the VBS
soft group. The difference in RD incidence between silicone
oil treated eyes and hydrogel eyes was statistically significant
(p < 0.05). Postoperatively, IOP remained within normal limits
and returned to preoperative levels by the end of the follow-up
period (no significance level reported). Cataracts were found in
29% of VBS soft, 13% of the VBS strong, and 88% of silicone oil
treated eyes. The difference between silicone oil treated eyes and
hydrogels was statistically significant (p < 0.05). Optically, VBS
revealed a refractive index of 1.34 at 589 nm and 1.32 at 546nm,
respectively. Injection force, a parameter reflective of viscosity,
of the hydrogel was 5.3 N for VBS soft and 14.2N for VBS strong,
respectively. This force is comparable with the force needed to
inject ophthalmic viscoelastic devices during cataract surgery
and lower than the reported maximum injectability threshold
of 30N [12]. In short, all physical properties were similar to nor-
mal vitreous. Postoperative OCT at 1 month demonstrated nor-
mal retinal structure and thickness for the VBS soft and strong

treated eyes. ERG responses in the silicone oil treated eyes were
extinct in six rabbits, reduced in one, and only unchanged in one
animal, which corresponds to the extent of RD in these eyes. In
contrast, the VBS strong condition had ERGs that were slightly
reduced in five and strongly reduced in two animals. The VBS
soft group exhibited slightly reduced ERG in three and moder-
ately reduced ERG in three rabbits 1 month postoperatively. On
histology, the VBS strong group had two animals with moderate
to pronounced PVR reaction, whereas the VBS soft group had
one severe case of PVR reaction and four animals with small
areas of focal retinal thinning. GFAP was upregulated in both
the hydrogel and silicone oil treated eyes but highest in the sil-
icone oil condition. Lastly, Brn3a, a marker for retinal ganglion
cells, was not significantly different between operated and con-
trol eyes.

In a follow-up study, TCHA hydrogels were studied in 18 pig-
mented rabbits (18 eyes) that underwent 20/23G PPV with
PVD to assess long-term substitute biocompatibility [13]. The
vitreous substitute was added until egress was appreciated
from the second sclerotomy site. The specific volume admin-
istered was not reported. A total of 33.3% of the rabbits were
euthanized at 1, 3, and 6 months, respectively. The success
rate of retinal attachment was found to be 78% at 6 months. On
POD1, 72% of rabbits demonstrated mild to moderate anterior
chamber fibrinous reaction, which decreased to 33% and 0% of
rabbits by 1 month and 3 months, respectively, after surgery.
There were no signs of infection and the cornea remained clear
in all rabbits throughout the duration of the study. Twenty-
eight percent of the rabbits developed iatrogenic cataracts, of
which 40% occurred within 1 month after surgery, and 60%
occurred between 1 and 3 months after surgery. Twenty-two
percent of the rabbits developed RD, 75% of which occurred
within 1 month after surgery, and 25% occurred between 1
and 3 months after surgery. IOP stayed in the normal range
throughout the entire postoperative course. However, the IOP
was slightly lower on average in the experimental eye com-
pared with the contralateral eye at 1, 3, and 6 months after
surgery (at 1 month: control eye: 16.03 + 1.8 mmHg; surgery
eye: 14.05 + 2.7; p = 0.22, at 3 months follow-up: control eye:
18.95 + 3.8 mmHg; surgery eye: 14.04 +2.5; p =0.028), and
at 6 months follow-up: control eye: 16.74 + 2.4; surgery eye:
13.26 +2.3; p=0.058). On OCT, the integrity, attachment,
and thickness of the retina remained the same between con-
trol and treatment conditions at all-time points. On ERG, the
a-wave and b-wave implicit times varied significantly between
control and treated groups 1 month and 3 months postoper-
atively but returned to control levels at 6 months follow-up.
On H&E staining, normal retinal cytoarchitecture and mor-
phology were observed in all 17 rabbits, except for one case
with RD. No decrease in retinal ganglion cells was observed
with Brn3a staining, further demonstrating biocompatibility
with other retinal cell types. Despite an increase in GFAP,
a marker for glial activation and fibrosis, in the treated eyes
over 6 months, this could be attributed to the vitrectomy itself,
which the control conditions did not receive. The refractive
index was 1.338, similar to that of the human vitreous, and the
transparent substitute was highly elastic, yet its viscosity al-
lowed for easy injection and had comparable shear moduli to
other substitutes. The gel was only partially present 3 months
postoperation and completely degraded by 6 months.
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An in situ-formed hydrogel synthesized by crosslinking hy-
droxypropyl chitosan (HPCTS) with oxidized alginate dialde-
hyde (ADA) was studied in 10 rabbits (10 eyes) that underwent
standard PPV (gauge not specified) to assess substitute biocom-
patibility [14]. No specific disease was studied. The volume of
substitute administered was not reported. ERG analysis showed
that the combined rod-cone maximal response in the operated
eyes was significantly reduced compared with those in the nor-
mal rabbit eyes, suggesting a decrease in vision (p < 0.05). No
anterior chamber changes, vitreous hemorrhage, RD, nor cho-
roidal detachment occurred in the operated eyes. The IOPs of
the operated eyes at postoperative day 2, 4, 6, and 8 were signifi-
cantly decreased (p < 0.05), whereas the IOPs obtained there-
after were all similar to the preoperative IOPs. The cornea and
lens remained clear during the 90-day follow-up. Optically, the
refractive index (n = 1.3348), light transmittance (>80%), and
density (1.015 + 0.052g/mL) of the hydrogel were comparable
with natural human vitreous. In addition, pH (7.45 + 0.04) and
water content (98% + 0.9%) of the gel were physiologically rel-
evant. Rheological assessment showed that this hydrogel has
high elasticity and an appropriate viscosity for vitreous substitu-
tion. Three cell lines, 1929 fibroblasts, rabbit corneal endothelial
cell, and rabbit RPE cell line, were used to assess cytotoxicity of
the HPCTS-ADA hydrogel. The relative growth rate of cells cul-
tured in the hydrogel extract was similar to that of cells cultured
in normal culture media as shown by MTT assays. On H&E
staining, no cytoarchitectural abnormalities or inflammatory
cell invasion could be detected. However, the density of photo-
receptors did decrease in the operated eyes. In a follow-up study
from the same group [15], a new in situ hydrogel was made from
carboxymethyl chitosan (CMCTS) cross-linked with oxidized
HA. This hydrogel was determined to be more biocompatible
than the previous HPCTS-ADA hydrogel; however, this study
did not meet the sample size requirement for the number of rab-
bits used.

A thermo-setting gel, WTG-127, consisting of methylcellulose
(MC) and polyethylene glycol (PEG) was studied in 10 rabbits (10
eyes) that underwent 20G PPV to assess substitute biocompati-
bility [16]. A total of 1 mL of substitute was administered. No spe-
cific disease was studied. The success rate of retinal attachment
was found to be 100% at 28 days. However, among some of the
cases excluded from analysis due to an intraoperative iatrogenic
retinal tear, the injected substitute drifted under the detached
retina prior to gelation. This implies the substitute may not be
expected to provide an adequate tamponade effect. On postoper-
ative Days 1 and 3, slight conjunctival hyperemia was found, but
otherwise no abnormal changes occurred in the cornea, anterior
chamber, lens, or posterior pole. There was no significant differ-
ence in IOP between experimental and contralateral eyes; how-
ever, no significance level was reported. At room temperature,
the gel's low viscosity facilitates handling and injection. After
injection, it gels at body temperature after 50 min. Although the
substance's refractive index was not reported, its light transmis-
sivity was 89.3% (the vitreous of human adults has been iden-
tified to have a >90% light transmittance) [17]. The density of
WTG-127 was similar to that of the native vitreous at 1.01871 g/
mL. Nevertheless, adjusting the gel's composition can alter its
viscosity, light transmission, and gelation time. On ERG, no
significant differences were seen in the a-wave and b-wave am-
plitudes or latencies between control and treated eyes over the

entirety of the study. On H&E staining, no histological differ-
ences were found for the gel-treated eye 28 days postoperatively.
Three concentrations of EPC (a hydrophilic PEG, thermosensi-
tive poly(propylene glycol) (PPG) and hydrophobic, biodegrad-
able poly(e-caprolactone) (PCL) segments linked together via
urethane bonds), 3%, 7%, and 12%, were studied in 32 New Zea-
land white rabbits (25 eyes) that underwent standard 23G PPV to
assess substitute biocompatibility 3 to 6 months postoperatively
[18]. 1.15-1.5mL was administered. Controls included 12 oper-
ated eyes filled with BSS or four eyes filled with commercially
available 20% pluronics F127 hydrogel. The success rate of reti-
nal attachment was found to be 100% at 7 days. Postoperatively,
EPC-3% and EPC-7% hydrogels showed no significant ante-
rior or posterior segment adverse effects, the IOP remained nor-
mal, and the hydrogels remained optically clear in the vitreous.
However, rabbits implanted with EPC-12% hydrogel developed
severe subacute inflammation by 2 weeks postsurgery associ-
ated with elevated IOP. 75% of EPC-12% rabbits had raised IOP
of >30mmHg at postoperative Day 14. In 67% of these rabbits,
IOP normalized (<30mmHg) by postoperative Day 30. Opti-
cally, transparency at body temperature and refractive index
of the hydrogel were similar to normal human vitreous, which
is possibly due to its >90% water content (i = 1.339 — 1.344).
The viscosity of the hydrogel depends on the EPC concentra-
tion, with a sol-gel transition state for EPC-3% and EPC-7% at
25°C, and at 4°C for EPC-12%. All gels rapidly formed a gel in
the vitreous cavity at 37°C, which was essential to its handling
and clinical function. EPC-7% showed better in vivo functional
results than EPC-3%, which had notable scotopic and photopic
ERG abnormalities with inner retinal function loss that had
minimal recovery 3 months after surgery. EPC-7% showed
only mild loss of scotopic b-wave and photopic 30Hz flicker
response amplitudes at 1 month with complete recovery by 3
months. To validate EPC-7%'s potential as retinal tamponade,
RD was surgically induced in 2 nonhuman primates, following
which 1-1.5mL of EPC-7% was injected into the vitreous cavity.
No anterior segment inflammation or cataracts were observed
and OCT imaging revealed normal retinal thickness and archi-
tecture. IOP remained within a normal range (12-17 mmHg)
and the retina remained attached for 12 months without prone
positioning. One month postsurgery, mild cone dysfunction was
observed on full-field ERG, which fully recovered by 12 months.
Lastly, histological analysis on H&E stained tissue demonstrated
normal retinal cytoarchitecture in EPC-7%. In a follow-up study
from the same group [19], it was determined that the molecu-
lar weight (MW) of the polymers used to make EPC affected
the properties of the hydrogel. Low MW polymers resulted in
retinal atrophy in a rabbit model, whereas high MW polymers
caused the hydrogel to turn opaque. In another follow-up study
[20], glycerol was added to the EPC hydrogel formulations to
create hyperbranched EPCG hydrogels. Low-branched hydro-
gels were determined to be biocompatible in a rabbit model for 4
months, but high-branched hydrogels created vitreal haziness
and caused retinal damage.

Four concentrations of PEG hydrogel (8, 9, 10, and 20mg/mL)
were studied in 34 chinchilla rabbits (34 eyes) that underwent
25G PPV to assess substitute biocompatibility [21]. A range of
0.8-1.2mL was administered. The success rate was found to
be 100% at 6 months. Mild anterior segment inflammation was
seen at 1 and 7 days after surgery in the 9mg/mL and 10 mg/
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mL groups, which was comparable with the normal control. The
20mg/mL group had an inflammatory reaction in the anterior
segment, most pronounced on the first postoperative day, which
resolved by postoperative Day 7. A decrease in IOP was seen in
the first 3 days after surgery in all operated groups. Otherwise,
there were no abnormal findings of the cornea, conjunctiva, or
lens throughout the evaluation period. The average IOP value of
30mmHg surpassed the normal range in the 20 mg/mL group at
postoperative Month 3. Optically, light transmittance was above
90% for all concentrations at 37.1°C and the refractive index was
1.3364-1.3390, both of which are comparable with humans. The
9mg/ml gel had the best biocompatibility when injected into
the subconjunctival tissue with minimal degradation at 3 weeks
postoperatively. In a RD model in rabbits, the 9mg/mL gel was
injected and evaluated at 6 months after surgery. Fundus fluo-
rescein angiography (FFA), OCT, and B-scan ultrasonography
demonstrated the gel's ability to heal retinal breaks and clear
retinal photocoagulation. ERG measurements and H&E stain-
ing were also normal at 6 months postoperation for the 9mg/mL
gel treatment compared with the control. This is in contrast to
the 20mg/mL gel condition that showed both reduction in ERG
amplitudes 3 months postoperatively and chronic inflammation
and degeneration of the optic nerve fiber layer on H&E staining
1 month after surgery.

A thiol-containing hydrogel, in 2% (n = 9) and 3% (n = 1) con-
centrations, used a disulfide cross-linker that was then reduced
to produce an injectable thiol-containing polymer solution was
studied in 10 black rabbits (10 eyes) that underwent 25G PPV
to assess substitute biocompatibility and compared with an air-
filled control (n =4) [22]. The amount of substitute adminis-
tered was not reported. The success rate of retinal attachment
was found to be 90% at 7 days due to one case of iatrogenic RD.
Trace cells were found in all operated eyes on POD1, which was
resolved by POD7. On POD1 and 7, no significant anterior or
posterior inflammation and no elevated IOP on palpation were
found. There was no evidence of recurrent RD nor SRF. Optical
outcome reported a refractive index of 1.33. The hydrogel had
viscoelastic properties akin to natural vitreous. Fundus photo-
graphs of the macula and periphery with the vitreous substi-
tute showed no evidence of retinitis, vasculitis or pigmentary
changes postoperative Day 7. ERG responses were also normal
in the hydrogel injected eyes in comparison with the contralat-
eral control. This was similar to the ERG responses in the air
endotamponade group versus their respective contralateral eye.
On H&E histology, the retinal structures are preserved with no
vacuolization.

Two compositions of a two-component hydrogel composed
of a thiolated fibrillary gellan and a semiflexible HA (CoP),
0.9G_12CoP and 1.5G_10CoP hydrogel, were studied in 22
rabbits (22 eyes) that underwent 23G PPV to assess substitute
biocompatibility [23]. The thiolated gellan and the CoP were
separately warmed at 48°C for 15min to remain a liquid for
injection (sol—gel transition temperature: 40°C). A range of
0.5—-0.6mL of the substitute was injected through an infusion
line into a partially empty rabbit vitreous cavity. The tempera-
ture of the polymer solution decreased to~42°C as it traveled
through the infusion line. The success rate of retinal attach-
ment was found to be 100% at 30 days. No specific disease
was studied. Conjunctival injection was seen in all groups as

of PODI1, and this was resolved by 1 week after the surgery.
Within the first month, conjunctival injection was observed
with no significant anterior segment inflammation found.
Anterior segment remained normal with IOP within normal
limits. At 30 days postoperation, 27% of 0.9G 12CoP-treated,
and 55% of 1.5G 10CoP-treated rabbits showed signs of slight
posterior polar cataract. These were posited to be iatrogenic.
One rabbit treated with 1.5G 10CoP had vitreous hemorrhage
at postoperative Day 30, but this occurred at the time of sur-
gery. Otherwise, the posterior exam of all experimental cases
was normal. Preoperative and postoperative IOPs were compa-
rable for all experimental groups. The 0.9G 12CoP group had
a significant decrease in IOP on POD1 (significance level not
reported), but this was resolved by postoperative Day 4. The
immediate postoperative IOPs for all experimental groups
were slightly higher than reported rabbit IOPs in the litera-
ture, and the increased IOP subsided by POD1. The gels were
transparent viscoelastic solids with optical and physical char-
acteristics similar to the native vitreous. The refractive indi-
ces, light transmissions, and viscosities of the compositions
were not reported. The reported stability of the hydrogel is
30 days. The normalized degree of swelling was 1.6 for the
two-component hydrogel, 0.6 higher than its nonswelling thi-
olated gellan component and 0.4 degrees lower than the highly
swelling CoP component. On OCT, no significant difference
was seen between the retinal thickness of the hydrogel treated
eye, unoperated eye, and silicone oil control. ERG responses
of the experimental and control groups were not significantly
different. Therefore, the photoreceptor function of the hydro-
gel treated, silicone oil injected, and unoperated control eyes
was normal. On H&E histological examination, the integ-
rity of the retinal cytoarchitecture remained intact without
any retinal edema, atrophic changes or hemorrhage. These
pathological changes were given the quantitative score of 1
(0 = no pathological change, 4 = severe pathological change).
Minimal mononuclear cell inflammation was seen in the vit-
reous, which could have resulted from the focal trauma to the
posterior lens capsule or the suture line during surgery. In a
follow-up study from the same group [24], biocompatibility
was demonstrated in a rabbit model for up to 4 months; how-
ever, this study did not meet the sample size requirement for
the number of rabbits used.

A self-assembling peptide hydrogel, PanaceaGel SPG-178,
was studied in 15 rabbits (15 eyes) that underwent 25G PPV
to assess substitute biocompatibility and compared with BSS
controls (n = 6) [25]. The volume administered was not spec-
ified. The success rate was found to be 100% at postoperative
Day 3 (n = 15), POD7 (n = 11), POD28 (n = 7), POD84 (n = 5).
On POD 1, 3, 7, 14, 21, 28 (1 month), 56 (2 months), and 84 (3
months) no infection, cataract, or significantly different IOP
was noted (p > 0.05). The refractive index of the vitreous sub-
stitute was 1.3339 and the visible light transmission rate was
96.7%. The substitute had a greater storage modulus (G’) than
the loss modulus (G”) at all frequencies, indicating a gel-like
behavior. Examination on slit-lamp and fundoscopy demon-
strated no hemorrhage, inflammation, or vitreous opacities in
the gel treated eyes. The a- and b-wave amplitudes and implicit
times were not significantly different between control and vit-
reous substitute groups. Lastly, H&E staining revealed no in-
flammation, degeneration, or structural changes in the retinal
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architecture in control and gel treated eyes 3 months postoper-
atively. It is unknown if PanaceaGel SPG-178 is biodegradable.
Zwitterionic ~ poly(N-acroyl  glycinamide)  (PNAGA)
and poly(N-acroyl glycinamide-co-carboxybetaine acryl-
amide) (PNAGA-PCBAA) supramolecular hydrogels prepared
through photoinitiated copolymerization were studied in 10
rabbits (10 eyes, five per group) that underwent 22G PPV to
assess substitute biocompatibility [26]. A total of 0.5-1mL
was administered. No specific disease was studied. The suc-
cess rate was 100% at 16 weeks. In the PNAGA-PCBAA-10-4
hydrogel group, no vitritis, uveitis, retinitis, endophthalmitis,
vitreous hemorrhage, or RD was observed. However, there
were no unambiguous vessels and tissue structures that could
be appreciated for PNAGA hydrogels at postoperative Weeks
8 and 16. Potential explanations include intraocular inflam-
matory response, vitreous hemorrhage, retina detachment,
or low transmittance of PNAGA hydrogel. No changes were
found in the cornea or ciliary bodies. The PNAGA hydrogel
elevated IOP, with no reported significance level. PNAGA
had a refractive index similar to natural vitreous (n = 1.3572
), but a low 53.3% and 51.1% light transmission rate preopera-
tively and 6 months postoperatively, respectively. Conversely,
the light transmittance of PNAGA-PCBAA hydrogels at 6
months postoperatively was 92.9%. In terms of viscoelastic
properties, G’ was greater than G” at all frequencies from 0.01-
10Hz, with no significant crossover, suggesting a “gel-like”
behavior of the hydrogels. Subcutaneously implanted PNAGA
hydrogel into the C57BL/6 mice demonstrated significant
inflammatory cells 1 month postoperatively, whereas subcu-
taneous PNAGA-PCBAA-10-4 showed fewer inflammatory
cells. PNAGA-PCBAA-10-4 also performed better in fibrotic
response. Both formulations have minimal swelling, with
constant volumes in PBS. B-scan ultrasound demonstrated
normal retinal integrity for all conditions, except the PNAGA
hydrogel group, which exhibited echoes from a RD or intra-
ocular foreign body reaction. Similarly, ERG responses were
comparable between the control and PNAGA-PCBAA-10-4
group, whereas in the PNAGA hydrogel-implanted eyes,
the b-wave amplitudes were significantly decreased in scoto-
pic and photopic ERG. H&E staining revealed healthy struc-
ture and cell morphology of the cornea, ciliary body, and retina
in the normal, sham-operated and PNAGA-PCBAA-10-4
groups 16 weeks after surgery. However, the PNAGA hydrogel
group demonstrated a defective and dissociated retina with a
fuzzy corneal structure. In a follow-up study from the same
group [17], a PCB-OAA zwitterionic hydrogel was deter-
mined to be biocompatible in a rabbit model for 6 months;
however, this study did not meet the sample size requirement
for the number of rabbits used. In addition, the hydrogel was
not biodegradable.

A 3% polyvinyl alcohol (PVA)/chitosan hydrogel with or without
encapsulation of 5-fluorouracil (5-FU) within poly(lactic-co-gly-
colic acid) (PLGA) microspheres was studied in 12 rabbits (12
eyes) that underwent 25G PPV to assess substitute biocompat-
ibility [27]. Approximately 0.9mL was administered. No spe-
cific disease was studied. The success rate was not reported. No
complications, such as corneal opacity, keratopathy, or posterior
synechiae, were observed within 24 weeks. The experimental
groups had a significantly increased IOP at post op Weeks 1 and
4, which decreased IOP by 4 months (p < 0.05). The refractive

index of the substitute ranged from 1.33-1.62, with a light trans-
mittance from 83%-93%, and a density from 1.0142-1.1247. At
all frequencies, for all PVA/chitosan hydrogel concentrations,G’
was higher thanG”, and the preparation showed gelatinous char-
acteristics. The curves of G’ and G” were almost parallel, and
there was no intersection. Five and 7% PVA/chitosan hydrogels
were determined to be unsuitable as a substitute because their
rheological parameters were higher than the average steady
state moduli of G’ =2.8 +0.9Pa and G” = 0.7 + 0.4Pa (1Hz) of
the porcine vitreous. In vivo, 3% PVA/chitosan hydrogel and 3%
PVA /chitosan hydrogel plus 5-FU PLGA microspheres (for PVR
treatment) were tested. The 3% PVA/chitosan hydrogel loaded
with 5-FU PLGA microspheres performed better than both
the 3% PVA/chitosan and control groups, as demonstrated on
B-scan ultrasound and fundoscopic examination. In addition,
although epiretinal membrane thickening and RPE cell prolifer-
ation were observed in the 3% PVA/chitosan and control groups,
there were no histological abnormalities for the group loaded
with 5-FU PLGA microspheres. Therefore, loading 5-FU PLGA
microspheres into the 3% PVA/chitosan hydrogel has potential
in reducing complications in patients with PVR. Important to
note is the presence of water-like substances in the vitreous cav-
ity at the end of the study, indicating some degree of hydrogel
hydrolysis.

Vitargus ABV-1701, a hydrogel made of oxidized HA crosslinked
with adipic acid dihydrazide (ADH), entered a Phase I clinical
trial and was studied in 11 human patients: three patients had
RD, seven patients had vitreous hemorrhage, and one patient
had both [28]. All patients required vitrectomy and had a best
corrected visual acuity (BCVA) of 20/40 to 20/2000 before sur-
gery. Following vitrectomy, the hydrogel was injected as a lig-
uid, and gelled in situ. The mean BCVA of the patients improved
after surgery by 31.9 + 32.8 letters at Day 1, 21.4 + 44.0 at Day 7,
and 31.9 + 32.8 at 1 month (p < 0.05), compared with a baseline
0f16.5 = 21.2. Three in patients who experienced elevated IOP in
the days following surgery and required medical interventions.
No toxicity to ocular tissues was observed. The hydrogel has a
refractive index of 1.34. A Phase 2 clinical to demonstrate safety
and efficacy in uncomplicated RD patients is to be conducted in
both Australia and Thailand and will enroll at least 40 patients.
A novel HA-PEG oxime-crosslinked hydrogel was studied in a
total of 40 rabbits (40 eyes) who underwent 23G PPV [29]. 1mL
of the hydrogel was injected into the vitreous cavity. Over a
56-day period, the rabbit retina remained healthy and intact,
with no detachments. For all rabbits, mean IOPs were reported
within normal range (13.5-25.92mmHg). The density (1.01g/
mL), refractive index (1.356), and transparency of the hydrogel
were comparable with that of the native vitreous. In addition,
this hydrogel was minimally swelling over 28 d and injectable by
hand through a 23G needle for 10 min. Notably, this gelation time
could be tuned by varying the concentration of functional groups
on the HA polymer. The surface tension was also significantly
higher than that of silicone oil, indicating that the hydrogel will
not migrate into retinal tears or the anterior chamber. Photore-
ceptor cells isolated from Nrl knockout mice and treated with
the HA-oxime hydrogel for 24 h did not show an increase in dead
cells with a live/dead assay. In an explant study, flat-mounted
mouse retinas treated with the HA-oxime gel for 24 h were dis-
sociated and assessed for viability on flow cytometry, which
showed no increase in cell necrosis or apoptosis. Lastly, human
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embryonic stem-cell derived RPE demonstrated 96% viabil-
ity after 24h incubation with the HA-oxime gel. The number
of nuclei in the retinal layers including the ganglion cell layer
and the inner and ONLs remained similar among all timepoints,
demonstrating the in vivo biocompatibility of the HA-oxime
hydrogel. Retinal function also remained intact in the treated
rabbits as indicated by a normal index of retinal sensitivity
and healthy ERG responses. Lastly, healthy retinal layers were
shown on OCT in the hydrogel-treated animals. The authors
suggest that the observation of normal IOP in these rabbits
is due to the slow hydrolysis of oxime linkages as opposed to
the faster hydrolysis of hydrazones in Vitargus.

Recent experimental studies in Table 2 explored three addi-
tional hydrogels evaluated in rabbit eyes (n < 10 per study).
These included a transparent alginate-PVA in situ self-healing
gel achieving 75% retinal reattachment versus 57% with sili-
cone oil controls [30] a self-crosslinking HA hydrogel main-
taining retinal attachment and normal ERG amplitudes with
mild, self-resolving anterior inflammation [31], and an anti-
oxidant poly(ethylene glycol) diacrylate (PEGDA) hydrogel
releasing ascorbic acid and glutathione that preserved reti-
nal architecture and IOP with >90% light transmittance [32].
These studies did not meet inclusion criteria but are summa-
rized in Table 2 to highlight the most recent vitreous-mimetic
materials.

3.3.1.2 | Polymers. E10KDC18, a PEG compound end-capped
with an octadecyl group, was studied in 10 rabbits (10 eyes) who
underwent a 21G PPV to treat retinal tears and as an effective
vitreous substitute. The amount administered was not reported.
E10KDC18 was a successful tamponade in 100% of the induced
retinal breaks; the follow-up date was not reported. The poly-
mer was chemically inert before and after injection into the vit-
reous and exhibited sufficient rigidity to tamponade the retina.
The transmission of light was similar to that of the native vit-
reous (>90%) with a refractive index of 1.353, which is also
similar to the native vitreous (1.336). Percentage viability
of murine catecholaminergic cells after 48 h incubation with
E10KDC18 is close to 100% with no morphological changes.
IOP remained similar to the saline-injected eyes throughout
the 3-month observation period. Histopathologic examination
demonstrated no disorganization of the retinal layers, no loss
of nerve fibers or infiltration of inflammatory cells in the poly-
mer injected eyes.

Hydroxypropyl methylcellulose (HPMC), an inert polymer, was
evaluated as a vitreous substitute in 16 rabbits (16 eyes) in the
management of complicated RDs [33]. A gas 30G vitrectomy
with C,Fg was performed. A total of 0.5mL was administered.
The success rate was not reported. HPMC treated retinal pig-
ment epithelial cells showed persistent cell density and conflu-
ency on Day 28 when compared with controls. When HPMC was
injected into the eye, the viscosity dropped nearly one half its
room temperature value when it reached body temperature. The
HPMC solution was also diluted by intraocular fluids and found
to not be able to seal retinal holes. At 6 weeks, 50% of rabbits
had a 180° RD. The study showed that it is unlikely that HPMC
solution will be useful as a long-term vitreous replacement due
to its rapid intraocular decrease in viscosity. Optical outcomes
reported were not reported.

Fluorescein isothiocynate (FITC)-labeled collagen and fluores-
cein-labeled hyaluronic acid (FL-HA), or a mixture thereof, was
injected into 24 rabbit eyes (n = 8 per group) after a PPV using
an Ocutome and a fiberoptic endoilluminator in a prospective
study studying complicated RDs [34]. A total of 0.5mL was ad-
ministered. The success rate of the tamponade was not reported.
Upon injection of FITC-collagen, collagen accumulated in the
vitreous and was observed to be in direct contact with the in-
ternal limiting membrane. One month after injection, light mi-
croscopy showed no marked retinal abnormalities. No marked
IOP increase was observed at 7, 14, 30 and 60 days postopera-
tion. The results indicated that a mix of collagen and HA is safe
and effective for 3 months as a vitreous substitute in rabbits. The
FL-HA demonstrated the shortest half-life (2.09 d), followed by
FITC-collagen (5.70d), and lastly the mixed gel (8.41d). The
rapid clearance of the polymers, due to their uncrosslinked na-
ture, limits their potential use as a vitreous substitute. Optical
outcomes demonstrated that FITC-collagen maintained its
transparency during the 3-month period. No refractive index or
light transmission was reported. ERG measurements showed
normal a- and b-wave amplitudes and latencies for vitreous sub-
stitute conditions, although follow-ups were only done until 7
days postoperation. On histology, none of the three polymer con-
ditions exhibited abnormal retinal cytoarchitecture 3 months
after injection.

Chitosan solution was investigated in a prospective study in
12 chinchilla rabbits (12 eyes) receiving a subtotal vitrectomy.
Between 1.2-1.5mL was administered [35]. At 30 days, 100%
of chinchilla rabbits had anatomical attachment of the ret-
ina without proliferation. Chitosan was found to demonstrate
mild conjunctival congestion and mild anterior uveitis with an
increase in IL-6, IL-8, nitric oxide at both 7 days and 30 days
postoperation, but this difference was not significant compared
with the control group. No morphologic changes were seen in
either group under light microscopy in the cornea, ciliary body,
and lens. The outer plexiform layer of the retina thinned, but
no significant degeneration, necrosis, karyopyknosis, or lysis
were found via ultrastructural microscopy. There was also no
significant difference in IOP at different time points between
the experimental and control group (p > 0.05). Optical outcomes
reported that the cornea, lens, and vitreous cavity remained
transparent throughout the entire study. It is reported that the
half-life of the chitosan solution is 21 days, although the authors
do not specify if that half-life is in vitro or in vivo.

3.3.1.3 | Liquids. Perfluoro-n-octane (PFO) was studied as a
short-term postoperative intraocular tamponade in manage-
ment of 17 complicated RDs (17 eyes) in humans who under-
went 23G PPV [36]. The amount administered was not reported.
The success rate was found to be 94% at 14 days. 16/17 eyes
(94%) had complete reattachment. All eyes retained or improved
visual acuity. Complications reported included 2/17 eyes (11.8%)
with long-term low IOP of 5mmHg. Optical outcomes were
not reported.

PFO was studied in a prospective interventional multicenter
study of 555 patients to evaluate the management of RD asso-
ciated with PVR with 30G PPV [37]. The amount administered
was not reported. The success rate was found to be 77% at the
final one-year follow-up. Among the 465 eyes with final visual
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acuities available, 274 (60%) eyes had improved VA, 106 (23%) re-
mained stable, and 85 (18%) worsened. The retina was attached
in 279 (78%) eyes, and retained PFO was noted in 20 (6%). Two
hundred thirty-eight of 555 (43%) eyes had to undergo reopera-
tion for the RD, and at 6 months, corneal edema, elevated IOP,
and hypotony were noted in 26 of 356 (7%), 6 of 356 (2%), and 48
of 356 (15%) eyes, respectively. Optical outcomes reported were
not reported.

Perfluorophenanthrene (PFP) was examined as a short-, me-
dium-, and long-term tamponade vsBSS [38]. 24 rabbit eyes
were evaluated after undergoing a 21G PPV for the manage-
ment of complicated RDs. A range of of 0.8-1.0mL was ad-
ministered. The success rate was not reported. Histological
examination showed progressive damage of the chorioret-
inal tissue at POD7. At POD60, there were marked changes
demonstrated to the retinal architecture. In terms of clini-
cal outcomes, posterior capsular cataract developed in 4/24
(16.7%); RD was found in 6/24 (25%) of the eyes were PFP had
been removed from the vitreous after 1 week, but no changes
in IOP were present in any of the eyes. Optical outcomes re-
ported were not reported.

Perfluorohexyloctane (F6H8) was evaluated in a retrospective
review of 22 patients (22 eyes) who underwent PPV with the
Millennium vitrectomy system (either 23 or 25G) for postop-
erative tamponade for interior RDs with interior PVR [39].
Different ratios of F6HS to silicone oil were tested. The amount
administered was not reported. At mean follow-up of 22.63
months, F6H8 was successful in flattening the retina in all
cases and 21/22 patients (95.45%) achieved a complete retinal
reattachment. However, recurrent inferior PVR was observed
in 2 (ratios of 70/30 and 60/40, respectively) and recurrent trac-
tional RD with superior PVR occurred in three patients (30/70
ratio). The optimal ratio of F6HS8/silicone oil was found to be
between 50/50 and 30/70. F Hg has a density of 1.3g/mL and
is a transparent mixture present with all ratios besides 70/30
and 60/40.

Perfluorohexylethan (O,), a partially fluorinated alkane, was
investigated in a prospective clinical study of 11 patients (11
eyes) in the study of inferior pathologic conditions, PVR, RRD
with inferior tears and inferior giant tears who underwent 20G
PPV [40]. The amount administered was not reported. At an av-
erage of 16 months, O, was able to flatten and reposition the
central retina initially in 100% of eyes. However, differences
in physical properties led to difficulties in reattaching the pe-
ripheral retina in 45.5% of eyes. Recurrent RDs with PVR de-
veloped in four of 11 eyes under the tamponade (two superiorly,
one inferiorly, and one total). Due to its early emulsification and
reported uveitis reactions, O, was deemed unsuitable as a long-
term ocular endotamponade. Physical properties reported were
a refractive index of 1.29 and a viscosity of 0.75mPa, similar to
that of well-known PFCLs.

Medium-chain triglycerides (MCTs) were studied in 28 rab-
bits (28 eyes) that underwent 20G PPV for PVD [41]. A total of
0.8-1.5mL was administered. The success rate of retinal attach-
ment was 71% at 90 days, excluding intraoperative iatrogenic
RDs. No conjunctival, external eye, or anterior chamber abnor-
malities were seen. Seven percent of eyes developed a Grade 2

inflammatory reaction in the vitreous, which was improved but
not completely resolved 2 weeks postoperatively. Forty-one per-
cent of eyes exhibited signs of a mild inflammatory reaction in
the inferior vitreous, which was most pronounced at POD7, and
gradually decreased thereafter. During the vitrectomy, inferior
RDs occurred in eight eyes, the substitute was misinjected into
the anterior chamber of one eye, and the vitreous cutter touched
the lens during vitrectomy in two eyes leading to cataract devel-
opment. Otherwise, there was no cataract development in any
of the eyes in the postoperative period. IOP remained normal
in all rabbits during the entire follow-up (no significance level
reported). In all of the aforementioned iatrogenic RDs, the su-
perior retina remained attached with no observed passage of
MCTs under the retina. The substitute remained optically clear
with retained viscosity during the surgery and throughout the
postoperative period. The density of the triglycerides at 20°C
was 0.94-0.95g/mL for a viscosity at 20°C of 27-33mPa, and
the refractive index was 1.449-1.451. In a follow-up study from
the same group [42], MCTs were used in a minipig RD model.
Ten minipigs (10 eyes) underwent vitrectomy followed by RRD,
retinal flattening, retinopexy, and MCT injection, whereas five
minipigs (five eyes) underwent vitrectomy followed directly by
MCT injection. For the minipigs that received RRD, after 45d
the retina was successfully reattached in seven eyes, whereas
redetachment occurred in two eyes and one eye could not be
assessed. Histology showed no signs of retinal toxicity. ERG
showed no significant difference between eyes that received
MCT and control eyes.

3.3.2 | Devices

A FCVB is a modified polysiloxane elastomer that can be in-
jected with various solutions to fill the potential space following
23G PPV as a vitreous substitute. This device has been studied
in RD, PVR, and ocular trauma in rabbit and human models.

In 20 rabbits (20 eyes), FCVB filled with either BSS or silicone
oil was investigated as PVR treatment [43]. The success rate
was 100% for the FCVB eyes, whereas in the silicone oil group
50% (5/10) of RDs reoccurred. The implantation of the FCVB
did not require a routine fluid-air exchange. No complications
such as retinal redetachment, vitreous hemorrhage, or intraocu-
lar inflammation took place in the FCVB group. A drawback of
FCVB is its refractive index, which would result in emmetropia
clinically [43]. Similarly, this group investigated whether PEG
used in the FCVB (versus BSS in the control eye) could serve as
a long-term vitreous substitute in 30 rabbits (12 eyes received
FCVB with PEG, nine eyes PEG alone, and nine eyes BSS) with
RDs who underwent 23G PPV [44]. In all FCVB eyes, the FCVB
remained in contact with the retina over 3 months, with no doc-
umented ocular cytotoxicity. However, there was a higher inci-
dence of cataracts and lens subluxation. Twenty-five percent of
FCVB-implanted eyes developed cataracts, versus 11.1% in both
the PEG and BSS-implanted groups during the entire observa-
tion period. Clinical and pathologic findings showed that FCVB
filled with PEG had good biocompatibility in rabbit eyes with no
elevation in IOP, inflammation, vitreous hemorrhage, and rede-
tachments as compared with the control group. Optically, the
transparency was > 93% and absorbance values were not signifi-
cantly different than the control BSS group [44].
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Another prospective study in 18 rabbit eyes evaluated FCVB
injected with either saline or silicone oil as potential PVR treat-
ment. The success rate was found to be 100% in all FCVB eyes at
PODY0 [45]. On histological examination, no evidence of patho-
logic changes or structural abnormalities in the eye was found.
No inflammation or hemorrhage occurred; however, cataracts
did form in all conditions (50% in FCVB + saline group, 83% in
FCVB + silicone oil, and 40% in silicone oil alone conditions). A
prospective study was performed to determine whether the FCVB
had long-term impacts on retinal vasculature. A 20G PPV was
performed in 46 rabbits, out of which 23 eyes were injected with
FCVB and silicone oil combination, and 23 with a silicone oil tam-
ponade alone. After 180-day follow-up, there were no significant
differences in HIF-1a and VEGF levels between the control and
experimental groups [46]. All eyes showed clarity in the vitreous
cavities, although no other optical outcomes were reported [47].

In humans, the FCVB filled with BSS was studied in 11 pa-
tients (11 eyes) who underwent a 23G PPV for RDs [47]. At 3
months, retinal reattachment rate was 73%. Retinal reattach-
ments were observed in 8-11 eyes after FCVB removal. Over
the 3-month period, visual acuity did not show a significant
difference [47]. No serious complications occurred, but two
cases anterior chamber hyphema was observed. Following the
FCVB was studied in 27 patient eyes who underwent a 23G
PPV for RDs. The retinal reattachment rates with the FCVBs
reached nearly 93%. At the 6-month follow-up, preoperative
(1.30 + 1.20) and postoperative (0.63 + 0.79) vision was signifi-
cantly improved (¢t = 3.03, p =0.005). Complications include
the FCVB breaking during surgery (n = 1) and drainage tube
exposure (n = 1) but no other complications such as inflamma-
tion, elevated IOP, endophthalmitis, sympathetic ophthalmia
and rejection of the FCVB were detected [48]. For complicated
RD caused by severe ocular trauma. FCVB was studied in
28 patients following 23G PPV. In 100% of cases, the FCVB
was successfully implanted, and the retina was reattached.
The postoperative BVCA improved in 7/28 of the cases and
remained unchanged in the other 21/28. For complications,
there was a statistically significant difference in IOP before
and after surgery, 7.01 +2.43 and 8.54 + 2.93 mmHg, respec-
tively. Postoperative patient satisfaction was also significantly
better than preoperative satisfaction [49]. A follow-up study of
18 of these patients (18 eyes) at 12 months found the success
rate of reattachment to be 100%. VA improved in 7/18 of the
eyes (39%), stayed the same in 10/18 eyes (56%) and decreased
in 1/18 eyes (6%). No elevated IOP, inflammation, rejection,
displacement, or rupture were observed. 8/18 eyes preserved a
clear cornea with follow-up [50]. Another retrospective anal-
ysis in 20 patients who underwent PPV and FCVB implan-
tation. All patients had a history of severe ocular trauma or
silicone oil dependent eyes. At 12 months, 30% (6/20) of the
treated eyes achieved retinal reattachment. No significant dif-
ferences were noted in visual acuity, and 50% of the eyes main-
tained normal levels of IOP after surgery. Although no severe
complications were associated with the FCVB, some patients
suffered mild hemorrhage and omental proliferation caused
by previous ocular damage [51]. Optical outcomes were not
reported.

Lin et al. studied a FCVB injected with silicone oil for severe RD
that could not be easily reattached with silicone oil tamponade

alone [47]. Over 1 year, the silicone oil-filled FCVB was shown
to be effective and safe in three eyes as a vitreous substitute,
avoiding complications induced by silicone oil, such as glau-
coma, corneal degeneration, and silicone oil emulsification
during a 12-month implantation time. There was a slight IOP
elevation after FCVB implantation compared with those of pre-
operative eyes. The fundus examination and OCT showed that
the FCVB was well distributed in the vitreous cavity and evenly
supported the retina. Retinal reattachment was successful in
all three eyes at the 12-month examination. No significant de-
crease in the density of corneal endothelial cells from baseline
was found. UBM showed that the FCVB smoothly contacted
but did not crush the ciliary body. At 3 years follow-up, authors
found that the silicone oil-filled FCVB was effective and safe
as a vitreous substitute over a 3-year observation period. At the
3-year follow-up, fundus photography and OCT showed retinal
reattachment in all three cases, with stable IOP. There were mild
improvements in visual acuity from baseline. OCT revealed de-
creased retinal thickness and an altered retinal structure in the
implanted eyes compared with the control eyes. No keratopathy,
glaucoma, silicone oil leakage, or silicone oil emulsification oc-
curred during the observation period.

In addition, studies have compared 3% PVA hydrogel versus
FCVB filled with 3% PVA (FCVB + PVA) versus BSS in 18 albino
rabbits (18 eyes, six per group) that had 20G PPV to assess sub-
stitute biocompatibility [52]. A total of 1.1 mL of 3% PVA or BSS
was injected into the vitreous cavity, and 1.4mL of 3% PVA was
injected into the FCVB in the FCVB + PVA groups. No specific
disease was studied. After 180 days of long-term tamponade, the
success rate was 100% in all groups. Postoperatively, anterior
chamber inflammation was noted in all groups, but most in-
tense in the FCVB + PVA group, which recovered within a week
with treatment. There was increased cataract development in
the PVA hydrogel group (50% vs. 17%) compared with the BSS
group, and a significant decrease in IOP after 180 days in the
PVA only group [52]. Postoperatively at 7, 14, 30, 60, and 90 days,
no evidence of uveitis, vitritis, retinitis, endophthalmitis, vitre-
ous hemorrhage, or RD was noted in any groups. Although the
vitreous was clear in all groups at postoperative day 90, the vit-
reous cavities appeared relatively blurry in 50% of the PVA hy-
drogel group due to the abovementioned cataract formation. Of
note, lensectomy was performed in allPVA + FCVB cases during
the PPV as the authors' prior study demonstrated severe cataract
development frequently in eyes that receive FCVB. Optical out-
comes reported were a refractive index of 1.3361 and light trans-
mission of 93% for 3% PVA. In terms of physical properties, there
was appreciable degradation of the substitute in the PVA group
and a decrease of viscoelastic properties after 180 days of tam-
ponade in vivo. Conversely, in the PVA + FCVB group, the PVA
retained its rheological features without degradation at POD180.

4 | Discussion

In current clinical use, silicone oils, SFAs and gasses are
used for endotamponades for promoting retinal reattachment
during the treatment of vitreoretinal pathologies. However,
they deviate in their similarity to the native vitreous in their
refractive index, density, and hydrophilicity leading to posop-
erative consequences including raised IOP, inflammation, lack
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of visual sharpness, and cataract formation. Thus, ideal vitre-
ous substitutes are those which are similar to the native vit-
reous in both function and structure (biocompatible, optically
transparent, and maintain normal IOP) and also lack negative
characteristics such as biodegradation. To our knowledge, this
is the first systematic review examining the optical, biological
and clinical parameters of experimental vitreous substitutes in
animal and human models using literature from 1990 to 2025.
We report on novel experimental vitreous substitutes including
hydrogels, polymers, liquids and devices which show promise
for additional large-scale investigation in animal or human
experiments.

In principle, hydrogel-based vitreous have favorable proper-
ties such as their transparency and biocompatibility, and de-
creased risk of postoperative complications such as cataract
formation. The review described positive biologic, physical,
and chemical properties of Healaflow crosslinked HA, PVP,
WTG-127 MC thermogel, fibrillary gellan semiflexible poly-
electrolyte, UV-crosslinked HA, thiolated crosslinked HA,
HPCTS/ADA, PEG/PPG/PCL, PEG, PanaceaGel SPG-178
self-assembling peptide, UV-crosslinked GMHA, thiolated co-
PAA, PNAGA, and PNAGA-PCBAAA. Several recent rabbit
studies summarized in Table 2 report promising optical and
biocompatibility profiles for alginate-PVA, self-crosslinking
HA, antioxidant PEG, and dual-crosslinked betaine hydro-
gels, although the small sample size limits the strength of the
conclusions. Although many were able to effectively tampon-
ade the retina, several of the HA-based vitreous substitutes
were demonstrated to best act as short-term substitutes due
to their loss of viscosity and enzymatic biodegradation in the
eye. Positive characteristics for a vitreous substitute were also
described in additional polymers, including E10KDCI18 octa-
decyl-capped PEG, HPMC, FITC-collagen, FL-HA, chitosan,
MCTs. Again, although many were safe and effective for reti-
nal tamponade, between both inflammatory reactions and the
rapid clearance of few of these polymers, their effectiveness as
a long-term vitreous substitute is limited.

The use of liquids as a vitreous substitute may be more limited in
terms of longer-term toxicity. Although some positive outcomes
were seen initially with PFO, PFP, F6HS8, and O,, some patients
ended up with recurrent RDs requiring reoperation. In terms
of devices, FCVB is an emerging vitreous substitute for use in
both complex and uncomplicated RD. Its implantation was able
to successfully tamponade the retina, providing longer-term
retinal support with an ability to maintain IOP, offering a safe
potential for the future of vitreous substitutes.

Beyond conventional ways to replace the vitreous, other pos-
sibilities under investigation include the artificial generation
of vitreous in vitro, which could potentially address problems
with artificial substitutes, including suitable biomechanical
properties, biocompatibility, and challenges with nutrient
transport. The complexity of the vitreal three-dimensional
structure presents a challenge to this effort. Early data from
Sommer et al. shows potential by demonstrating that ascor-
bic acid enhances hyalocyte proliferation in a dose-dependent
manner at concentrations between 0.1-3mg/mL by increas-
ing collagen production and mRNA expression of cells in
vitro, which has the potential to stimulate vitreous synthesis.

However, indefinite hyalocyte proliferation is also undesir-
able and the control of hyalocyte growth can be regulated by
specific growth factors (i.e., increased with bFGF and reduced
by TGF-B1) [53].

The other avenue for exploration has been vitreous transplan-
tation. Shafer et al. transplanted vitreal tissue in a case series
of 200 human vitreous transplants performed for RD. [54]
Human vitreous was obtained via a stored eye-bank aspirate
stored at 4°C for 2-14 months, plated on blood agar and incu-
bated for 48 h at 37°C prior to use. The vitreous was planted
using an 18G needle through a pars plana incision with the
needle tip just posterior to the recipient lens. Patients received
daily antibiotic therapy with tetracycline for 4 days postopera-
tively. The retinal reattachment rate was 40% overall. The most
frequent postoperative complication was mild vitreous haze
that disappeared without treatment after 2-5 days. Uveitis oc-
curred in 3.5% of cases and cleared after 2-9 months of cor-
ticosteroid therapy. In the transplants that failed to reattach
the retina, regressive phenomena of cataracts, glaucoma, and
phthisis occurred with the same frequency that would have
been expected using other techniques. Shafer noted that the
vitreous transplants lasted longer than air, but not saline. The
implanted tissue showed a degradation time on the host, with
alow inflammatory reaction. In addition, vitreous capsular de-
vices in our review have shown some promise. These devices
allow the injection of various conventional vitreous substitutes
into the eye and prevent the interaction of the vitreous sub-
stitute with the bioenvironment of the ocular cavity, thereby
aiming to reduce the toxic effects of the vitreous substitute.
However, these devices have higher rates of complication,
some without long-term tamponade success and comparable
biocompatibility with other substitutes.

Limitations of the present review include the stringent eligi-
bility criteria for inclusion of studies. There was variability
in the reporting of surgical techniques, preparation of animal
models, and clinical, optical, and anatomical outcomes across
included studies. Given that some included studies were pub-
lished over 20 years ago, the routine practices in vitreoreti-
nal surgery may have changed. Additionally, publication and
language biases are possible given the nature of the inclusion
criteria.

5| Conclusion

In conclusion, this systematic review aimed to provide a review
of the biologic, physical, and clinical properties of novel vitre-
ous substitutes from January 1990 to October 2025. Of 11,045
studies reviewed, 37 studies of novel substitutes were included.
Novel experimental vitreous substitutes such as UV-CHA,
Vitargus ABV-1701, PanaceaGel SPG-178, E10KDC18, or FCVB
show the most promising biological, optical, and physical prop-
erties for additional investigation as vitreous substitutes. 16/37
substitutes had >80% success in tamponade of RDs (UV-CHA,
TCHA hydrogel, WTG-127, EPC, PEG hydrogel, thiol-contain-
ing hydrogel, CoP hydrogel, PanaceaGel SPG-178, Vitargus
ABV-1701, HA-PEG oxime-crosslinked hydrogel, foldable cap-
sular vitreous body (FCVB), E10KDC18, chitosan solution,
PFO, F6HS, and O,). Twelve out of thirty-seven substitutes
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showed high-tissue biocompatibility (Healaflow, UV-CHA,
EPC, thiol-containing hydrogel, CoP hydrogel, PanaceaGel
SPG-178, Vitargus ABV-1701, HA-PEG oxime-crosslinked hy-
drogel, FCVB, E10KDC18, FL-HA, and MCTs). Fifteen out
of thirty-seven substitutes showed low ocular inflammation
(Healaflow, UV-CHA, WTG-127, PEG hydrogel, thiol-contain-
ing hydrogel, CoP hydrogel, PanaceaGel SPG-178, PVA/chitosan
hydrogel, Vitargus ABV-1701, HA-PEG oxime-crosslinked
hydrogel, FCVB, E10KDC18, FL-HA, Chitosan solution, and
MCTs). Thirteen out of thirty-seven substitutes showed optical
properties similar to native vitreous (UV-CHA, TCHA hydrogel,
HPCTS-ADA, WTG-127, EPC, PEG hydrogel, thiol-containing
hydrogel, CoP hydrogel, PanaceaGel SPG-178, Vitargus ABV-
1701, HA-PEG oxime-crosslinked hydrogel, EI0KDC18, and
O,,). Fourteen out of thirty-seven substitutes were associated
with no significant changes in IOP (UV-CHA, TCHA hydrogel,
HPCTS-ADA, WTG-127, EPC, CoP hydrogel, PanaceaGel SPG-
178, HA-PEG oxime-crosslinked hydrogel, FCVB, E10KDC18,
FL-HA, chitosan solution, MCTs, and PFP). Further research is
needed to investigate these substitutes as challenges with bio-
compatibility, tamponade success, and complications such as
inflammation and elevated IOP pose challenges.
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