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Modern vitreoretinal surgery is a young science. While tremendous developments have
occurred in instrument design and technique since Machemer first described vitrectomy
surgery in 1973, the application of advanced materials concepts to the development of
intraocular compounds is a particularly exciting area of research. To date, the development of
vitreous substitutes has played a significant role in enabling the dramatic and progressive
improvement in surgical outcome, but perhaps no other area of research has the potential to
further improve the treatment of retinal detachment and other retinal disorders. While prior
research has focused solely upon the ability of a compound to re-attach to the retina, future
research should seek to enable the surgeon to inhibit the development of proliferative
vitreoretinopathy and re-detachment, the integration of stem-cell therapies with surgical
retina, long-term delivery of medications to the posterior segment, and the promotion of more
rapid and complete visual rehabilitation.
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Retinal detachment is a significant cause of
morbidity, with an incidence between 10.1 and
17.9 per 100,000 people in the USA [1–4]. Currently, one of the most common techniques to
repair many retinal detachments combines parsplana vitrectomy, laser- or cryotherapy, and
placement of a vitreous substitute into the vitreous cavity. Despite improvements in equipment
and technique, the rate of re-detachment in
complex retinal detachments can average
approximately 23.5% [5]. It is common for the
properties of the vitreous and the vitreoretinal
interface to play a critical role in the creation of
a retinal detachment [6] and, thus, increased
attention to this interface will likely provide significant benefits. In addition, although the
available vitreous substitutes have gradually
improved, with recent advances in soft condensed matter physics, nano- and bionanotechnology, and developmental biology,
the field of vitreous substitutes is poised to produce novel compounds that result in improved
surgical outcomes and more rapid and complete
visual rehabilitation.
The introduction of materials into the posterior segment of the eye as a surgical adjunct
dates back to the early part of the 20th Century, with the introduction of air into the vitreous cavity by Ohm [7]. Over time, a variety
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of compounds have been adapted for use in
the eye, and many of these have found an
important place in the armamentarium of the
modern vitreoretinal surgeon. A wonderful
review of the history of the clinical application
of vitreous substitutes can be found in the
textbook Vitreous Substitutes by Peyman and
Schulman [8].
The aim of this paper is to review the properties of the vitreous, review current vitreous substitutes, discuss the physical properties that
determine how vitreous substitutes function,
discuss problems and limitations of current vitreous substitutes and, finally, review current
efforts to develop improved vitreous substitutes
that address the problems.
In order to better understand the role of
vitreous substitutes, it is important to first
understand the basic properties of the vitreous.
The vitreous body

The vitreous body is the clear substance present
in the posterior portion of the eye, behind the
lens. It is approximately 99% water by weight
and is a paucicellular natural hydrogel that is
made up primarily of unbranched Type II collagen fibrils and hyaluronic acid [9]. Within the
vitreous body, the noncrosslinked collagen
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forms a semi-random polymer network that runs from one end
of the vitreous cavity to the other. Hyaluronic acid is interspersed within the collagen polymer network and is also present
in regions of liquefied vitreous. Hyaluronic acid is a glycosaminoglycan, made up of two alternating monosaccharides
(N-acetylglucosamine and glucuronic acid, linked by glycoside
bonds), and forms a 1000–10,000 MW unbranched, coiled
polyanion that has a high hydrated specific volume
(2000–3000 cc/g). The concentration of hyaluronic acid varies
from 0.03 to 0.10% in human vitreous [9].
The vitreous is nonuniform in density. Cloquet’s canal, the
central portion of the vitreous that is present anterior to the
optic nerve, frequently contains thin, multilayered, fenestrated
sheaths of basal lamina tissue [9]. In addition, there is a
100–200-µm-thick layer of solid cortical gel adjacent to the retina, ciliary body and lens [9]. The vitreous is firmly attached to
the anterior retina at the vitreous base, where collagen fibers
penetrate the retina and attach to the basement membrane of
the ciliary epithelium and peripheral retinal pigment epithelium
(RPE) [10]. The retina is otherwise in contact with the vitreous
along its inner surface, at the internal limiting membrane.
In young children, the vitreous is firm and acts as a viscoelastic damper. This action is thought to be due to the presence of hyaluronic acid [9] and the uniform distribution of
osmotic pressure aids in the attachment of the retina to the
underlying tissues. The osmotic pressure of the immature vitreous may play a role in maintaining retinal attachment in
the case of retinal trauma. As a person ages, the vitreous
develops liquefied pockets, characterized by a paucity of collagen [9], and eventually separates from the retina completely,
except for the most anterior retina. This change has been
credited to aggregation of the collagen fibrils into thicker
cables [11] or enzymatic collagen breakdown [12], as well as
changes and thickening of the basement membrane of the
retina that result in loss of collagen fibril adherence [9] except
within the vitreous base, in the anterior eye, where collagen
fibrils remain firmly attached to the basement membrane of
the RPE.
Role of the vitreous in rhegmatogenous
retinal detachments

As a person ages, the vitreous body normally undergoes a nonuniform transition from a gel-like substance in a young child to
a more fluid-like substance in an older adult. Associated with
this transition are a number of vision threatening phenomena,
such as macular holes, retinal tears, retinal detachments and vitreous hemorrhage. The mechanism for these phenomena is
thought to involve traction of the liquefying vitreous gel on the
retina and retinal vessels when convective currents are created
in the vitreous by eye movements [13].
During the acute phase of this separation (known as a posterior vitreous detachment), the vitreous may be abnormally
attached to the retina at some focal point. The vitreous will
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naturally move within the eye during normal eye movement
and in the process can create a tear or hole in the retina at the
point of adhesion. This retinal tear should be repaired
promptly, using laser or cryopexy, as it can lead to retinal
detachment with the risk of blindness.
Treatment of a retinal detachment involves relieving the traction and blocking egress of fluid through the hole by re-approximation of the retina to the underlying tissues. Details of treatment options for this condition (which include vitrectomy
surgery, scleral buckling surgery and pneumatic retinopexy, as
well as combinations of these surgeries) have been thoroughly
reviewed by Wilkinson and Rice [13]. An increasingly common
technique to achieve successful re-attachment of the retina is
vitrectomy surgery.
Vitrectomy surgery

When a patient undergoes a vitrectomy, much of the vitreous
is removed by using aspiration and cutting techniques to
relieve the traction on the retina. The eye is then typically
filled with air or a perfluronated hydrocarbon, and the retina is
re-attached to the back of the eye by surface tension [14]. Thermal laser photocoagulation is then applied around any retinal
tears or holes to create an inflammatory scar. Finally, a vitreous
substitute is injected into the eye to maintain the retina in
position. Vitreous substitutes in common use include sulfur
hexafluoride gas (SF6), N-perfluoorpropane gas (C3F8), air and
polydimetylsiloxane.
Gases

Frequently a gas (air, sulfur hexafluoride or N-perfluoropropane) is introduced into the eye to hold the retina against the
back of the eye (the RPE) until a scar is formed around the retinal tear, between the retina and the underlying tissue [15]. This
process can take weeks and, during this time, the installed compound must remain in contact with the retinal hole. For this
reason, patients who have received intraocular gas are usually
positioned for a week or more in a face-down position, that
many find difficult to maintain. Obviously, holes located in the
inferior retina are not easily amenable to closure by intraocular
gas [16].
Silicone oil

Silicone oil (polydimethylsiloxane) has been used since 1962 [17]
for complex retinal tears, for inferior tears, or in patients unable
to position themselves. Given its lower surface tension at the
water interface (∼30 mN/m as opposed to ∼70 mN/m at the
gas/water interface), when compared with N-perfluoropropane,
the success rate for macular hole closure is lower (65 vs 91%) [18].
In addition, the silicone oil should later be removed, due to its
ocular side effects, such as glaucoma and corneal decompensation [19]. Unfortunately, it is difficult to remove silicon oil completely. In the USA, silicon oil for intraocular use is available in
two viscosities, 1000 and 5000 centistokes. Both are available
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because surgeons differ in their preference, and their (unfounded)
belief in the relative success rate of retinal detachment surgery
with the two different viscosity oils despite evidence [20] that there
is no difference in long-term outcome.
Mixtures of silicon oil & perfluorinated alkanes

Mixtures of silicon oil and perfluorinated alkanes, with a specific
gravity greater than one, have also been studied by a number of
investigators [21–25] but are not in common use. Heavier-thanwater vitreous substitutes also have the disadvantage that they
leave a free space in the upper part of the vitreous cavity, which
might lead to the concentration of various proproliferative compounds, resulting in reproliferation and redetachment of the
upper retina.
N-perfluorohydrocarbons

Since animal studies [26–28] appear to demonstrate inferior retinal
toxicity with exposure of retinal tissues to perfluoronated hydrocarbons for more than 1 week, these compounds are usually only
used intraoperatively. Despite this, a number of authors have
argued that these compounds can be left in the eye for weeks, to
improve surgical success rates in the repair of inferior retinal
detachments [29,30]. Should one of these compounds prove to be
nontoxic, there would be significant advantages to their use,
including the fact that their specific gravity is greater than one
(and thus they sink in aqueous and allow treatment of inferior
retinal pathology), as well as their high oxygen-carrying capacity.
Physics of intraocular gas & perfluorinated
small-molecule liquids

A rigorous evaluation of the behavior of intraocular gas has
recently been conducted [14] and the primary findings are summarized here. Although it might seem natural to consider buoyancy forces when gas bubbles are immersed in liquids, this concept is applicable only in systems where the bubble is much
smaller than the area of detached retina. For larger injected gas
volumes, as is typically used in retinal re-attachment procedures, the re-adhesion force actually arises from the gas–liquid
surface tension of a thin fluid film wetting the detached flap.
Consider the typical case of a large gas bubble that envelops
the entire tear. ‘Since the pressure inside the gas phase is uniform, the gas exerts equal pressures on both sides of the retinal
flap. Because the gas bubble has risen to the posterior of the
inverted eye, there is no longer a buoyant force on the flap,
which simply hangs inside a pocket of gas. However, a re-adhesion force arises from the surface tension of the wedge-shaped
liquid film covering retina–RPE juncture at the base of the
detached flap [14].’
In addition, an analysis of pneumatic or perfluoron displacement of subretinal fluid or blood was performed [14], making
use of the physical equivalence to a droplet of water dripping
from a ceiling that has been previously described by the
Rayleigh–Taylor instability [31]. Again, we found that interfacial
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tension at the gas or perfluoron–aqueous interface was responsible for the displacement of subretinal fluid [14]. Gravity may
also play a role in subretinal fluid displacement [32].
The situation might be better visualized if you consider an
eye containing a large amount of injected gas as simply a vessel
with gas in the upper portion and liquid in the lower portion
of the vessel. A retinal flap tear at the top of the vessel hangs
into the gas phase and clearly experiences no buoyancy force.
On the other hand, re-approximating the retina to the top of
the vessel allows the gas within the vessel to assume a more
spherical shape and, thus, reduce the energy of the system
(energy = surface tension × surface area).
In summary, although the gas bubble clearly must be in contact with the hole or tear in order to seal it, surface tension is
responsible for keeping the retina re-approximated to the back
of the eye. The gas only provides a gas–liquid interface and the
related surface tension that seals the hole or tear in the retina. If
we take into account the facts that, because of the hydrogen
bonding of water molecules, the surface tension at the air–gas
interface is one of the highest in nature (72 mN/m) and that
gases absorb into the circulation, leaving minimal residue, it
will be difficult to find a better compound to repair simple,
superior retinal detachments. This is particularly true in
patients who can appropriately position themselves. In order to
improve on intraocular gases, compounds must reduce the incidence of postoperative cataract formation, re-detachment of the
retina from PVR, transient ocular hypertension, or the need for
extensive face-down positioning.
Complications of vitreous substitutes
Emulsification & subretinal material

Under nonequilibrium conditions, and with the presence of
natural surfactants including fibrin, serum [33], lymphocytes,
and plasma [34] within the eye, small bubbles of a vitreous substitute compound may form and obtain access to the subretinal
space. In addition, should residual traction remain on the retinal tear, surface tension will not adequately re-approximate the
retina to the RPE and again, the vitreous substitute may enter
the subretinal space.
Forming a scaffold for scar tissue

The most common cause of re-detachment of the retina after
repair of a retinal detachment is proliferative vitreoretinopathy
(PVR). This multicellular [35,36] scar tissue can form on the retina, within the retina, or under the retina and typically becomes
clinically significant 4–8 weeks after surgery, when it contracts
and causes tractional and often rhegmatogenous detachment of
the retina. Numerous studies have been conducted [37] to evaluate the effect of heparin, steroids [38], 5-fluorouracil (5-FU) [39],
and other compounds to inhibit PVR. One human study, in
which systemic steroids were initiated 5 days after surgery,
showed minimal effect on PVR formation [38]. A slow-release,
biodegradable system to release 5-FU demonstrated a statistically
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significant decrease in PVR formation in an animal model [40]
but has not been tested in humans. Numerous other antiproliferative compounds have been recently reviewed [37]. Studies of
combination therapies in humans have been encouraging. A
study in which 62 eyes with severe (class C3 or D in the Retina
Society Classification [41]) PVR were infused with either balanced salt solution (BSS) or BSS with heparin and dexamethasone [42] was notable for a nonstatistically significant
trend towards reduction in recurrent PVR and re-attachment in
a single operation, although the trial was halted prematurely
because of an increased risk of post-operative hemorrhage. A
second study [39], in which low-molecular-weight heparin and
5-FU were added to the infusion, found a 50% reduction (12.6
vs 26.4%) reduction in PVR and a statistically significant difference in the number of patients requiring re-operation.
Unfortunately, the final visual acuity between the treated and
placebo groups did not meet statistical significance.
A related disorder, with reported redetachment rates between
15% [43] and 49% [19] is peri-silicon oil proliferation. This proliferation typically occurs in places in which the vitreous substitute
is not in contact with the retina.
Both of these disorders illustrate the critically important
problem of gliotic scar tissue formation and the importance of
approaches that have the ability to inhibit the formation of
these membranes.
Tissue toxicity

Silicon oil has been reported to be toxic to the retina [44–47] and
to extract lipophilic substances (such as retinol and cholesterol)
from the retina [48], although some studies have failed to corroborate these finding [49,50]. Perfluoronated oils [51–53] and
mixtures of silicon oil and perfluoronated oils [20,21,24] have all
been found to have significant retinal and ocular toxicity.
Cataract

All currently utilized vitreous substitutes, including gases [54,55]
and silicon oils [19,56–58] are known to cause progression of cataract.
Glaucoma

Compounds that can emulsify can interfere with the function
of the trabecular meshwork and lead to glaucoma. This is the
second most common cause of vision loss known to occur with
silicon oil [59–63]. In addition, transiently elevated intraocular
pressure is known to commonly occur with gases if they
expand postoperatively.
Keratopathy

Chronic exposure of the corneal endothelium to silicon oil and
related compounds is known to damage the endothelial cells
and can lead to corneal decomposition, pain from bullous
keratopathy, and blindness [64,65].
It is interesting that, despite prolonged contact between silicon
oil and the corneal endothelium, the cornea may remain clear
because aqueous entry into the corneal stroma is impeded by the
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silicon oil that is adherent to the corneal endothelium [66–68]. It is
only when the silicon oil is removed from the anterior chamber
that the cornea becomes edematous and opaque [66].
Alternative compounds

Over the years, many attempts to develop vitreous substitutes
have been conducted using a trial-and-error approach [69]. Materials that have been experimentally investigated include a number
of modified natural hydrogels, partially fluorinated silicon oils
and organic molecules. Included in this list are: perfluorophenanthrene [70], perfluorotri-N-propylamine [71], polymethyl-3,3,3trifluoropropylsiloxane-co-dimethylsiloxane [72], poly(2-hydroxyethyl acrylate) [73], semifluorinated alkanes [74], silicone gel [75],
methylated collagen [76], collagen/hyaluronic acid mixtures [77],
hydroxypropylmethyl cellulose [78], crosslinked poly(vinyl) alcohol [79], polymethylacrylamidoglycolate methyl ester [80] and
crosslinked poly(1-vinyl-2-pyrrolidinone) [81].
All of these compounds either depend on surface tension [14]
or are structurally similar to silicone oils and presumably depend
on surface tension and the (as yet incompletely determined)
other mechanisms through which silicone oils may act.
Magnetic fluids

A clever approach to maintaining retinal attachment without
total dependence upon surface tension is the synthesis of a magnetic analog of silicon oil [82], and its use as a vitreous substitute
together with a magnetic band around the eye [83]. The magnetic field that results from the band (or scleral buckle) would,
presumably, aid in maintaining the vitreous substitute in contact with the retinal tear that underlies the magnetic portion of
the buckle. Of course, vitreous traction on the retina must first
be relieved and the surface tension at the vitreous substituteaqueous interface must be significant to promote re-attachment
of the retina and to avoid subretinal vitreous substitute. Toxicity
studies on this compound are crucial, given the known toxicity
of the constituents. It also should be taken into consideration if
the magnetic band, now encased in scar tissue, will have to be
removed after successful repair of the retina. Removal of the
band will carry with it the possibility of re-detachment of the
retina, but may be required in order to remove most of the magnetic vitreous substitute. In addition, the difficulty in obtaining
MRI imaging studies in such patients must be considered.
Polymeric vitreous substitutes

Recent efforts have been made to develop formed vitreous substitutes. In addition to replicating the formed vitreous jelly
present in a child’s eye, these compounds allow the retina to be
re-attached using physical mechanisms other than surface tension. Typically, osmotic swelling [84] is utilized to maintain the
retina in position. This is particularly important in the treatment of inferior retinal detachments and complex retinal
detachments including giant retinal tears, conditions that have
historically resulted in poor surgical outcomes.
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These compounds may possess significant advantages in that
they typically require face-up (rather than face-down) positioning for a limited period of time (1–2 days) whereas 7 or more
days of face down positioning are currently required of most
patients after surgery. In addition, given that the compounds are
typically more than 90% water, their index of refraction is similar to water, avoiding a large refractive change and allowing faster
visual rehabilitation. Finally, by decreasing convective currents
within the eye, they may decrease the extremely high incidence
of postoperative cataract and need for an additional surgery.
Perhaps the most critical problem to be addressed in such
materials is the possibility that the material will act as a scaffold
for PVR or diabetic membranes, leading to additional traction
on the retina and recurrent retinal detachment.
Based upon recent developments in tissue engineering [85,86]
and developmental biology, modulation of the Young’s modulus of the vitreous substitute [87–89] seems to provide a mechanism to inhibit cellular proliferation and thus might result in
better anatomic surgical outcomes.
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Five-year view

Over the next 5–10 years, we can expect a movement toward
developing biomimetic compounds that not only maintain retinal apposition, but utilize novel materials and biotechnology
concepts to control metaplasia of cells in contact with various
materials, inhibit PVR formation, and promote the survival of
retinal cells. This will result in improved biocompatibility,
given the current focus on the biophysics and bioengineering of
the material–tissue interface.
Utilization of a variety of different physical concepts, including osmotic swelling, to re-approximate the retina will allow
faster visual rehabilitation, improved patient comfort and
compliance, and better surgical outcomes.
Finally, by combining physical re-attachment of the retina with
long-term drug-delivery, retinal therapeutics can be delivered
over sustained intervals to maintain retinal health.
Financial & competing interests disclosure

Conclusion

In summary, the currently available vitreous substitutes are
able to maintain retinal attachment in many cases but there is
significant room for improvement. Toxicity and other problems have been reviewed. By applying novel tissue engineering
and biomaterials technology to the development of vitreous
substitutes, it will be possible to significantly improve surgical
success, patients’ comfort and visual rehabilitation.

While current vitreous substitutes possess some extremely
useful features, there are still significant limitations. Fortunately, due to the recent developments in tissue engineering,
bionanotechnology and developmental biology, the field of vitreous substitute development is poised to produce markedly
improved therapeutics.
Key to this development will be the integration of advanced
tissue-engineering concepts, including mechanical and chemical
control of cell differentiation and growth, as well as long-term
drug-delivery systems into vitreous substitutes.
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