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Abstract: In many vitreal diseases, the surgeon removes the natural vitreous and replaces it with
silicone oils, gases, or balanced salt solutions to fill the eyeball and hold the retina in position.
However, these materials are often associated with complications and have properties that differ
from natural vitreous. Herein, we report an extension of our previous work on the synthesis of
a biomimetic hydrogel that is composed of thiolated gellan as an analogue of type II collagen
and poly(methacrylamide-co-methacrylate-co-bis(methacryloyl)cystamine), a polyelectrolyte, as an
analogue of hyaluronic acid. This thermosensitive hydrogel can be injected into the eye as a viscous
solution at 45 ◦C. It then forms a physical gel in situ when it reaches body temperature, and later
forms disulfide covalent crosslinks. In this article, we evaluated two different formulations of the
biomimetic hydrogels for their physical, mechanical, and optical properties, and we determined
their biocompatibility with several cell lines. Finally, we report on the progress of the four-month
preclinical evaluation of our bio-inspired vitreous substitute in comparison to silicone oil or a balanced
salt solution. We assessed the eyes with a slit-lamp examination, intraocular pressure measurements,
electroretinography, and optical coherence tomography. Preliminary results are very encouraging for
the continuing evaluation of our bio-inspired hydrogel in clinical trials.
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1. Introduction

The vitreous is an acellular transparent hydrogel that occupies two-thirds of the total volume of
the eye. Although it is a gelatinous structure, water, both bound and free, constitutes approximately
98–99% of the vitreous, with the remainder being mainly collagen type II fibrils that are interspersed
with hyaluronic acid chains [1]. These two components are primarily responsible for the osmotic
pressure that gives the eye its spherical shape and holds the retina in place [2]. Vitrectomy, which is the
removal of some or all of the natural vitreous, is often used in the treatment of several ophthalmological
pathologies such as retinal detachment and diabetic vitreous hemorrhage. During or after vitrectomy,
a vitreous substitute is needed to reattach or hold the retina in place. Currently used vitreous substitutes
include silicone oil [3,4], saline buffers [5], expansible gases [6], and perfluorocarbons [7]. Each of
these substitutes, however, comes with limitations and is associated with complications, such as
emulsification for silicone oils, expansion of gases at high altitudes, and toxicity of perfluorocarbons.
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In addition, all of these substitutes noticeably alter the refractive index in the eye [8–10]. Therefore,
there is a need for novel vitreous substitutes that are biocompatible and have similar physical and
optical properties to the natural vitreous.

Polymer-based hydrogels have emerged as promising biomaterials that hold great potential in several
biomedical fields, due to their high water content, optical clarity, and rheological properties [11–13].
Nevertheless, their use as a vitreous substitute has failed because the hydrogels, which are made before
injection, shear-degrade when pushed through the small-gauge needle, changing their mechanical
properties [2,14,15].

Our approach is designed to match the physical and mechanical properties of the natural vitreous
by developing a biocompatible biomimetic vitreous substitute. When injected at 45 ◦C as a viscous
solution, our substitute almost instantly forms a physical hydrogel in-situ upon cooling to a body
temperature of 37 ◦C.

Several research groups have investigated the use of in situ forming hydrogels as vitreous
substitutes. Some of the researched materials are hyaluronic acid, polyethylene glycol, and polyvinyl
alcohol [16–21]. The first two polymers are prone to rapid degradation through oxidative damage,
and the last one needs further study to show its long term stability and biocompatibility [22]. For all
three substitutes, however, gelation is not instantaneous, which may result in diffusion of the polymer
solution out of the eye cavity before gelation. Stimuli-responsive materials, on the other hand, can
instantaneously form a three-dimensional structure in response to external stimuli [23]. Examples
of early work in this direction are smart hydrogels made from Pluronic F127 and WTG-127 [24,25].
Despite their desirable physical and mechanical properties, the use of Pluronic F127 resulted in severe
retinal toxicity, while using WTG-127 was associated with low stability and diffusion under the retina
before gelation was complete [22].

Inspired by the natural composition of the vitreous, we here report on the development
of a two-component vitreous substitute that mimics the essential properties of the natural
vitreous. The two-component vitreous substitute is made of gellan, an analogue of collagen,
which undergoes a sol-gel transition at a defined temperature in the presence of cations to
form a physical hydrogel. The mechanism of gelation consists of a random coil-to-double-helix
transition when the temperature is decreased below the transition temperature of gellan [26].
The other component is poly(methacrylamide-co-methacrylate-co-bis(methylacryloyl-cystamine)),
(poly(MAM-co-MAA-co-BMAC), an analogue of hyaluronic acid. This copolymer is an anionic
polyelectrolyte whose role is to control the osmotic pressure and sol-gel transition temperature of
gellan. The monomer BMAC was copolymerized to introduce thiol groups through the copolymer
backbone. Under physiological conditions, thiol groups oxidize and undergo interchain chemical
crosslinking. This step is essential to avoid diffusion of the hydrogel, as previously observed for other
polymers [14]. The other benefit of crosslinking through disulfide bond formation is the possibility of
reversing the oxidation by using a reducing agent, such as glutathione or DTT, and of removing the
vitreous substitute without requiring a second surgery. In this study, we aim to report the progress of
the evaluation of an in-situ-forming two-composite hydrogel in preclinical research and compare its
biocompatibility against silicone oil (positive control) and a buffered salt solution (negative control).
Silicone oils are the current standard of care for large retinal detachment.

2. Experimental Section

2.1. Materials Synthesis and Characterization

We determined the purity of all monomers and the initiator for the free radical polymerization
reaction by quantitative nuclear magnetic resonance (qNMR). An NMR standard certified by the
National Institute of Standards and Technology (NIST) was used. The moisture content of the gellan
was determined by a gravimetric analysis comparing its weight before and after moisture removal.
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1H NMR spectra were recorded for poly(MAM-co-MAA-co-BMAC) and thiolated gellan by Varian
Unity Inova spectrometer (400 MHz, Agilent Technologies, Santa Clara, CA, USA), using D2O as a
solvent. A Bruker Avance IIITM HD 600 MHz NMR spectrometer (Billerica, MA, USA) was used to
determine the materials’ purity.

The molecular weight of poly(MAM-co-MAA-co-BMAC) was measured by gel permeation
chromatography (Viscotek GPC system from Malvern PANalytical, Westborough, MA, USA) using a
TDA302 triple detector system (refractive index, multiangle laser light scattering, and viscosity). Samples
were injected at a concentration of 2 mg/mL, and the flow rate was 0.8 mL/min. All measurements were
conducted at 37 ◦C.

The thiol content in thiolated gellan and poly(MAM-co-MAA-co-BMAC) was measured by
2-nitro-5-thiosulfobenzonate (NTSB) assay, as previously reported [27]. An Abbe refractometer
(ATAGO Abbe Refractometer NAR-1T, Bellevue, WA, USA) was used to determine the refractive index
of the hydrogels at 37 ◦C and 552 nm.

The transmittance of light between 200 and 800 nm was measured by a Thermo Scientific BioMate
3 UV/Vis spectrophotometer (Waltham, MA, USA). The evaluation of the physical and mechanical
properties of the hydrogels was done as reported earlier [28,29]. We performed all measurements on
hydrogels that were allowed to covalently crosslink for ten days. Briefly, for 3 mL of hydrogels, we
added 1.5 mL of phosphate buffer saline (PBS) buffer 1X and allowed them to swell to equilibrium for
one week. The swollen hydrogels were patted on a tissue paper and dried to remove excess fluid. We
used a gentle vortex to remove any trapped air bubbles. We performed all measurements in triplicate,
at room temperature (23 ◦C) for transmittance and density, and 37 ◦C for the refractive index.

For the synthesis of poly(MAM-co-MAA-co-BMAC) and thiolated gellan, a detailed description
is provided elsewhere [28,29]. Two hydrogel formulations were prepared; the first one was made
by mixing 1.5 mg/mL thiolated gellan with 10 mg/mL poly(MAM-co-MAA-co-BMAC), here noted
as 1.5G_10Cop. In the second formulation, we mixed 0.9 mg/mL thiolated gellan with 12 mg/mL
poly(MAM-co-MAA-co-BMAC), here noted as 0.9G_12Cop.

2.2. In Vitro Biocompatibility Testing

In vitro biocompatibility testing was achieved by using electrical cell-substrate impedance sensing
ECIS (Applied BioPhysics, Troy, NY, USA) as previously reported [29]. Thiolated gellan was dissolved
in sterile N2-bubbled water, the poly(MAM-co-MAA-co-BMAC) was dissolved in sterile 2X Dulbecco’s
Modified Eagles’ Medium/Nutrient Mixture F-12 Ham (DMEM/F12) media, and the pH was adjusted
to 7.4 with 1M NaOH. The thiolated gellan and poly(MAM-co-MAA-co-BMAC) solutions were then
heated separately at 45 ◦C for 15 min in a water bath and mixed immediately before exposure to the cells.
The hydrogel solution was cast over the cells to ensure direct contact. In vitro biocompatibility testing
was monitored using electrical cell-substrate impedance sensing (ECIS from Applied BioPhysics, Troy,
NY, USA). The ECIS is a non-invasive technique that measures the impedance across gold electrodes
at the bottom of tissue culture wells, using a range of frequencies of alternating current. After the
initial seeding, the cells start to grow over the gold electrodes and increase the resistance to current
flow; therefore, the impedance across the electrodes increases. In response to stimuli (in this case,
the hydrogels), the degree to which cells are attached to the electrodes may change. This change is
reflected in the impedance recordings in real-time. The improved biocompatibility is interpreted as an
increase in impedance compared to the control cells, which are not exposed to any vitreous substitutes.

Two sets of experiments were performed in this work. The first aimed to determine the
biocompatibility of the hydrogels on a confluent layer of cells. Confluence was obtained by plating the
primary porcine retinal epithelial cells (ppRPE) at a high cell density of 40,000 cells/well; human retinal
pigment epithelial (ARPE-19) cells at 20,000 cells/well, and 3T3/NIH (fibroblasts) cells at 10,000 cells/well
in an ECIS cultureware, 96-well plate. Upon confirmation of confluency, the polymer solution was
added. In the second set of experiments, the cells were plated at low density (ppRPE at 10,000 cells/well,
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ARPE-19 at 5000 cells/well, and 3T3/NIH at 4000 cells/well), and the polymer solution was added the
following day to investigate the proliferation of cells in the presence of the gel.

The CellTiter–Glo assay (Promega, Madison, WA, USA), which determines the number of viable
cells based on ATP quantitation, was done according to the manufacturer’s instructions. The toxicity
of the hydrogel formulations was tested on 3T3/NIH and primary porcine retinal epithelial (ppRPE)
cells at two different cell seeding concentrations: proliferating (low cell density) and confluent
(high cell density). For the biocompatibility experiments, the low and cell density numbers were
used as determined in our previous studies [29–31]. The ppRPE cells were plated at a cell density
of 40,000 cells/well, and the 3T3/NIH (fibroblasts) cells at 10,000 cells/well for the high cell density
experiments. On the other hand, for the low cell density experiments, the cells were plated at
4000 cells/well and 10,000 cells/well for 3T3/NIH cells and ppRPE cells, respectively.

The ARPE-19 and 3T3/NIH cell lines were purchased from American Type Culture Collection
(Manassas, VA, USA). The ppRPE cells were cultured and seeded, as previously described [29,31].

2.3. Animal Studies

All animal studies were approved and guided by the Washington University School of Medicine
(WU) and the United States Department of Defense (US DoD, protocol number 20180105, approval date
05/23/2018). Over several months, we completed 11 two-port partial pars plana vitrectomy surgeries on
Dutch belted rabbits. Among these, five of the rabbits have reached the four-month observation time
point. One rabbit received the silicone-oil vitreous replacement, two rabbits received a buffered salt
solution (BSS) replacement, and two received the hydrogel substitute form the 1.5G_10CoP formulation.

The ocular status of the rabbit eyes were examined by electroretinography (ERG, RETevet,
Gaithersburg, MD, USA), optical coherence tomography (OCT, Standard-Resolution 800 nm OCT
System, Wasatch Photonics, Morrisville, NC, USA), slit-lamp examinations (PSL Classic Portable Slit
Lamp, Keeler, Malvern, PA, USA) and intraocular eye pressure (IOP) measurements (Tono-Pen AVIA
Tonometer, Reichert Technologies, Depew, NY, USA). These evaluations were performed before the
start of surgery, at the one-month mark, and the four-month endpoint.

The surgeries were performed under general anesthesia, and vitals were monitored by the
Department of Comparative Medicine (DCM) veterinarian staff. The surgical procedure was as follows:
the rabbits were prepped and draped in a sterile surgical environment. The right eye (surgical eye) of
each rabbit received a randomly chosen substitute to be placed in the eye.

Two 23-gauge trocars were inserted into the vitreous cavity from the temporal side, 2 mm from
the limbus; one trocar was used for infusion of balanced salt solution (BSS), and the other to access the
vitreous cavity. A 23-gauge vitrector probe (Millennium, Bausch & Lomb, San Dimas, CA, USA) was
inserted into the rabbit’s temporal vitreous chamber, and 0.3–0.4 mL of the vitreous gel was partially
removed, a fluid−air exchange was performed, and 0.3–0.4 mL of 1.5G_10Cop, silicone oil or balanced
salt solution (BSS) was injected to replace the natural vitreous (Figure 1).

The left eye remained untreated as the control. Identical procedures were performed on rabbits
who received silicone-oil and BSS. The rabbits received sub-conjunctival injections of gentamicin
and dexamethasone to prevent post-operative infection and inflammation at the end of the surgical
procedure. The IOP was measured immediately following the surgery. The IOP post-surgery ranged
from 14–25 mmHg but was within normal limits the next day.

The surgical eyes were checked once or twice daily for up to one week. Depending on the eye’s
condition upon slit-lamp examination, post-surgical treatments consisted of neomycin, polymyxin
B sulfates, dexamethasone ophthalmic ointment (anti-fungal), gentamicin 0.3% ophthalmic solution
(antibiotic), and atropine 1% ophthalmic solution (pupil dilation). The average recovery time following
the surgery was one week.

ERGs were performed to measure the electrical activity generated by cells in the retina and
to monitor the functioning of the retina with a three-step scotopic and two-step photopic protocol
with flicker and flash testing. Additional information on the ERG analysis can be found in the
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Supplementary. The rabbits were placed in their cages under general anesthesia. Both eyes were
dilated and dark-adapted for 20 min, then prepped with a viscous ophthalmic solution called Goniosol
prior to insertion of an electrode on the cornea.
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Figure 1. Image of a rabbit’s eye. Yellow region indicates the area where the natural vitreous was
removed during the two-port partial pars plana vitrectomy.

3. Results and Discussion

3.1. Synthesis and Properties of the Thermoresponsive Hydrogels

Thiolated gellan and poly(MAM-co-MAA-co-BMAC) (78% methacrylamide:20% methacrylic
acid:2% bis-methacryloylcystamine) were synthesized according to our previously reported
methods [28,29]. Using the NTSB essay [27] and 1H NMR analysis, we determined that thiolated
gellan and poly(MAM-co-MAA-co-BMAC) have thiol contents of 11% (mol) and 2% (mol), respectively.
The thiol content can be fine-tuned; however, we previously determined that increasing the thiol
content negatively affects the biocompatibility of the hydrogel [28]. To determine the incorporation
ratio of methacrylic acid, a solution of poly(MAM-co-MAA-co-BMAC) was titrated with a standard
solution of 1 N NaOH. The incorporation ratio of methacrylic acid was found to be 19.31% ± 0.54, which
is very close to the feed ratio of the monomer (20%). We measured the number average molecular
weight of poly(MAM-co-MAA-co-BMAC) by gel permeation chromatography (GPC). Five batches
of poly(MAM-co-MAA-co-BMAC) were synthesized, from which three were combined due to their
similar molecular weights (311,256 g/mol ± 28,223).

In this study, two hydrogel formulations were synthesized by combining thiolated gellan and
poly(MAM-co-MAA-co-BMAC) in different concentrations. In both formulations, the components
were separately heated, then mixed at 55 ◦C. The sol-gel transition temperature was determined by a
temperature scan from 55 to 15 ◦C, at a controlled cooling rate of 2 ◦C/min, following the loss modulus
at 5% constant shear strain and 1.0 Hz constant frequency, using an Anton Paar rheometer MCR 302.
As noted above, a good vitreous substitute should form a hydrogel in situ to avoid shear degradation
when it is injected through a small gauge needle. However, failure to form a gel instantaneously may
result in the polymers diffusing away from the injection site through retinal breaks [8]. Our hydrogels,
however, are thermoresponsive; they can be injected at 45 ◦C as a viscous solution and form hydrogels
almost immediately after they cool to body temperature. The sol-gel transition temperature of thiolated
gellan at the studied concentrations falls in the range of 34–36 ◦C. The sol-gel transition temperatures
of 1.5G_10Cop and 0.9G_12Cop are observed to be ~42 ◦C (Figure S12).

In addition to its effects in tuning the sol-gel transition temperature of thiolated gellan,
poly(MAM-co-MAA-co-BMAC) also causes the hydrogels to swell and exert pressure, which is
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essential in holding the retina in place. The mixed thiolated gellan and poly(MAM-co-MAA-co-BMAC)
were cast into 35-mL pre-weighed dishes, and the solutions were left to chemically crosslink via thiol
oxidation at 37 ◦C for ten days in a humidified chamber. After chemical crosslinking, PBS (in the
absence of Ca2+ and Mg2+) was added on top of the hydrogels. The swelling equilibrium was reached
when no change in hydrogel’s weight was observed. The swelling percentages for each formulation
were determined to be 17.74 ± 1.08% for 1.5G_10Cop, and 26.62 ± 2.06 for 0.9G_12Cop. A higher
concentration of poly(MAM-co-MAA-co-BMAC) results in more swelling due to its ionic character and
the chains’ semi-flexibility. Upon gelation, thiolated gellan forms a rigid double helix compact structure.
This structure is able to control the swelling of poly(MAM-co-MAA-co-BMAC), forming a balanced
vitreous similar to the natural vitreous, where the swelling of the ionic semi-flexible hyaluronan is
confined by the rigid fibrillary collagen network [31].

The two swollen hydrogel formulations were investigated for their mechanical properties,
refractive indexes, optical transmittances, and densities. Both hydrogel formulations exhibited physical
and mechanical properties closely similar to the natural vitreous. The properties of natural tissues
change with time, and the vitreous is no exception. For example, the viscoelastic properties of a
pediatric eye had a higher elastic modulus compared to aged vitreous. Adult vitreous has an elastic
modulus of 0.05–2.5 Pa [32,33]. The porcine vitreous is the closest to that of humans in volume and
viscoelastic properties. It has a storage modulus of 0.3–8 Pa [34]. Similar to the natural vitreous,
the storage modulus was higher than the loss modulus, indicating its solid-like viscoelastic behavior.
In all viscoelastic solids, the storage modulus is higher than the viscous modulus. We tested our
hydrogels at a constant strain of 2% at 37 ◦C, with a frequency scan that ranged from 10 to 0.01 Hz.
The hydrogels had a storage modulus that ranged from 100–200 Pa as formulated.

The refractive index of natural vitreous is 1.3345–1.3348 [2]. The refractive index of our synthesized
hydrogels ranged from 1.3355 ± 0.0003 for 0.9G_12Cop to 1.3370 ± 0.0001 for 1.5G_10Cop. While the
refractive index of both our hydrogels is similar to the natural vitreous; however, it is much lower than
the refractive index of silicone oil (1.4) [22], which is the currently used vitreous substitute. The density
of the human vitreous lies within the range of 1.0053–1.0089 [2]. These values are very close to the
density of our hydrogels, which is 1.003 for 0.9G_12Cop and 1.007 for 1.5G_10Cop.

For both formulations, we achieved an optical transmittance of more than 83% in the visible light
range (Figure 2).
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Figure 2. (A) Chemical structure of thiolated gellan and poly(MAM-co-MAA-co-BMAC); (B) Optical
transmittance of hydrogel formulations between 200 to 800 nm; (C) Storage and loss moduli of
0.9G_12Cop formulation; (D) Storage and loss moduli of 1.5G_10Cop formulation.



Materials 2020, 13, 1337 7 of 14

3.2. In Vitro Biocompatibility of the Formulated Hydrogels

To investigate their toxicity, the hydrogel formulations were tested on confluent and proliferating
ARPE-19 cells, primary porcine RPE (ppRPE) cells, and 3T3/NIH cells (Figure 3). For biocompatibility
testing, we used electric cell-substrate impedance sensing (ECIS), which allows for continuous testing
over time using gold electrodes and a micro-electrical current. By measuring the impedance (Ohms) at
an optimal frequency of 4000 Hz, we observed that the treatment with either formulation does not
negatively affect tight junctions within cell monolayers.
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Figure 3. Resistance measurements with the two hydrogel formulations of confluent (A) APRE-19, (B) 
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the first addition of both materials.  

Figure 3. Resistance measurements with the two hydrogel formulations of confluent (A) APRE-19,
(B) ppRPE, (C) 3T3 cells; and proliferating (D) ARPE-19, (E) ppRPE, and (F) 3T3/NIH cells. Values are
given in mean ± SEM (n = 4).
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Compared to untreated cells, we observed that cell growth might be stimulated slightly upon the
first addition of both materials.

The biocompatibility was further tested using a CellTiter-Glo Luminescent Cell Viability end-point
assay (Figure 4), which is a standardized method for determining the number of viable cells in a
culture based on quantitation of the ATP present, an indicator of metabolically active cells. For the
biocompatibility analysis, we evaluated the statistical significance using analysis of variance (ANOVA)
to compare the results with the respective negative (untreated cells) and group. P* < 0.05, the significance
level, was statistically acceptable.
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Figure 4. The viability of confluent (A) ppRPE, and (B) 3T3/NIH cells after exposure to thiolated
gellan, poly(MAM-co-MAA-co-BMAC), and the combined components for 72 h. Values are given in
mean ± SEM (n = 6).

For the biocompatibility experiments, ppRPE and 3T3/NIH (fibroblasts) cells were exposed to
three concentrations of gellan (0.9-1.5-2.0 mg/mL) and copolymers (10-12-15 mg/mL), respectively.
Finally, we tested the biocompatibility of the two formulations of our hydrogels on both cell types for
72 h. The results indicated that the two formulations were compatible with the ppRPE cells (Figure 4A).
On the other hand, these two formulations slightly decreased the viability of the 3T3/NIH (fibroblasts)
cells (Figure 4B).

Overall, our results indicate that both vitreous substitute formulations made from thiolated gellan
and poly(MAM-co-MAA-co-BMAC), in addition to their individual components, are biocompatible
with confluent and proliferating ARPE-19, pRPE, and 3T3/NIH cells.

3.3. Animal Studies

Pre-surgical ERGs showed overlapping latencies (time-to-peak) and amplitudes for the right
eye and the left eye, indicating similar results for both eyes at the time of testing. Photopic b-wave
and flicker amplitudes were similar for both eyes. The differences in summed oscillatory potential
amplitudes may reflect electrical “noise” in some recordings.

As seen in Figure 5, one-month post-operative ERGs show that, although there is some individual
variation, especially in b-wave latency and amplitude, results from the control eyes show no significant
difference from the surgical eyes. Amplitudes are substantially higher than in pre-surgical tests,
indicating vision is likely being redefined or developed in the rabbits during the time between tests.
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Figure 5. Evaluation results of electroretinography (ERG) with the time course compared to the surgical
and non-surgical eye (negative control). Upper panel: dark-adapted amplitudes in both a- and b-waves.
Lower panel: dark-adapted time-to-peak, both a- and b-waves. The blue bars indicate the a-wave,
and the red bars indicate the b-wave. (n = 5.).

Compared with the BSS and the silicone-oil groups at the four-month marker, the photopic and
scotopic ERG analysis results did not show signs of toxicity from the rabbits tested in the 1.5G_10Cop
formulation. The ERG analysis showed that the retina is functioning within normal limits in all
three groups.

The OCT equipment was used to display high-resolution cross-sectional images of the retina.
An ultra-compact probe was set 25 mm from the cornea, and the distance was adjusted according to the
image presented on the monitor. Topical Goniosol was placed onto the cornea to prevent deterioration
of the corneal epithelial layer.

The OCT imaging interpretation in Figure 6 shows no significant difference in the vitreous cavity
or in the retinal layers of either the surgical or control eyes. At the four-month marker, the 1.5G_10CoP
formulation shows the vitreous substitute is fully biocompatible in the Dutch belted rabbits and
confirms the retina is functioning within normal limits. Additionally, there has been no evidence of
retinal detachments in the OCTs.
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Figure 6. The optical coherence tomography (OCT) images were taken at four-month post-operative
examinations. The OCT images on the left represent the control eyes, whereas the images on the right
represent the surgical eyes.



Materials 2020, 13, 1337 11 of 14

The five rabbits that reached the four-month marker were euthanized, and their eyes have been
enucleated for histology analysis. Currently, we have obtained hematoxylin and eosin (H&E) staining
slides of our hydrogel and silicone-oil eye substitutes along with the control eyes (Figure 7). The biggest
concern is that during the histological preparations, all of the retinas have detached. Nevertheless, we
know retinal detachments were not evident prior to enucleation, as observed and compiled from our
OCT testing.
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Figure 7. H&E staining on polyelectrolyte #1, silicone-oil, and control (BSS). The retina is detached
from the pigmented layer. The retinal layers are clear, with no significant difference compared with the
control (non-surgical eyes). The scale bar is 50 µm.

From the hydrogel and the silicone-oil eye groups compared with the control, it is difficult to
formulate a conclusion for the retinal morphology changes. However, we do not see significant
differences thus far.

We used the Tono-pen AVIA Tonometer, a portable handheld device, to measure the rabbits’
intraocular eye pressure. Figure 8 shows the IOP measurement data for five rabbits, and all
measurements are within normal limits. None of the rabbits developed high intraocular eye pressure
or glaucoma as a result of the vitreous substitute surgical operation in vivo.
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Figure 8. IOP changes graphed over time following the two-port partial pars plana vitrectomy. Red
data points = control eyes; blue data points = surgical eyes. The red marker at 0 on the x-axis indicates
the time immediately following the vitrectomy.

4. Conclusions

The present work reports the synthesis, properties, and progress of preclinical tests of
two-component vitreous substitutes at two different concentrations. The vitreous substitutes were
designed by reverse-engineering the features of the natural vitreous. In both formulations, the vitreous
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substitute exhibits thermoresponsive behavior that enables it to be injected as a viscous solution that
then gels when it cools to body temperature. Following the initial, almost instantaneous gelling
via physical crosslinking, the hydrogels start forming reversible chemical crosslinking through the
oxidation of thiol to disulfide groups. Both formulations closely mimic natural vitreous. Toxicity
studies on our vitreous substitutes reveal that they are biocompatible with several confluent and
proliferating cell lines.

Preclinical studies on the four-month post-operative outcome of the two-port partial pars plana
vitrectomy surgeries show no apparent signs or symptoms of inflammation in the anterior segment of
the rabbits’ eyes. The rabbits’ corneas were transparent, and the anterior chambers were deep and quiet.
There were partial opacities at the surgical site of the lens when viewed with the portable slit-lamp;
otherwise, the lens was clear. Additionally, none of the rabbits in the four-month post-operative
period developed a cataract. Further evaluation of the synthesized hydrogels as a vitreous substitute
is ongoing, though current results suggest that it is a promising superior alternative to currently
used materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/6/1337/s1.
Figure S1. Reaction scheme of BMAC synthesis, Figure S2. 1H NMR spectra of the synthesized & purified
BMAC, Figure S3. FTIR spectrum of the synthesized and purified BMAC, Figure S4. 1H NMR spectrum of
AIBN and benzoic acid standard, Figure S5. 1H NMR spectrum of BMAC and benzoic acid standard, Figure S6.
1H NMR spectrum of MAM and benzoic acid standard, Figure S7. 1H NMR spectrum of MAA, before distillation,
and benzoic acid standard, Figure S8. 1H NMR spectrum of MAA, after distillation, and benzoic acid standard,
Figure S9. Reaction scheme of the copolymerization of MAM, MAA, and BMAC, Figure S10: 1H NMR of
Poly(MAM-co-MAA-co-BMAC), Figure S11. Reaction scheme of gellan amidation, Figure S12: Temperature scan
of thiolated gellan and thiolated gellan-copolymer, formulation 1.5G_10CoP, and 0.9G_12CoP, to determine the
random coil-to-double-helix phase transition of thiolated Gellan (taken as the middle point of the loss modulus
increase). The midpoint of the curves in both mixtures is ~42 ◦C. Finally, additional information on the ERG
analysis is available.

Author Contributions: Conceptualization, N.R.; methodology, A.L., P.H., and Y.-B.S.; formal analysis, A.L., B.B.K.,
and L.E.; investigation, A.L., N.R.; writing—original draft preparation, A.L., Y.-B.S.; writing—review and editing,
N.R.; supervision, N.R.; project administration, N.R.; funding acquisition, N.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by The United States Department of Defense “Pre-Clinical Development of
Reverse Engineered Vitreous Substitutes” award number W81XWH1810548. This work was supported by an
unrestricted grant to the Department of Ophthalmology and Visual Sciences at Washington University School of
Medicine in St. Louis from Research to Prevent Blindness. This work was supported by the National Eye Institute
of the National Institutes of Health under award number P30 EY002687. This research was also funded by the VA
Merit Review Grant.

Acknowledgments: The authors are grateful to the Veterans Research & Education Foundation of St. Louis,
and to the VA St. Louis Health Care System for their support. We thank Anne Hennig for her assistance in ERGs
interpretation. The authors acknowledge financial support from Washington University in St. Louis and the
Institute of Materials Science and Engineering for the use of instruments and staff assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Sakaue, H.; Negi, A.; Honda, Y. Comparative-study of Vitreous Oxygen-tension in Human and Rabbit Eyes.
Investig. Ophthalmol. Vis. Sci. 1989, 30, 1933–1937.

2. Swindle, K.E.; Ravi, N. Recent Advances in Polymeric Vitreous Substitutes. Expert Rev. Ophthalmol. 2007,
2, 255–265. [CrossRef]

3. Alovisi, C.; Panico, C.; de Sanctis, U.; Eandi, C.M. Vitreous Substitutes: Old and New Materials in Vitreoretinal
Surgery. J. Ophthalmol. 2017. [CrossRef] [PubMed]

4. Giordano, G.G.; Refojo, M.F. Silicone Oils as Vitreous Substitutes. Prog. Polym. Sci. 1998, 23, 509–532.
[CrossRef]

http://www.mdpi.com/1996-1944/13/6/1337/s1
http://dx.doi.org/10.1586/17469899.2.2.255
http://dx.doi.org/10.1155/2017/3172138
http://www.ncbi.nlm.nih.gov/pubmed/28785482
http://dx.doi.org/10.1016/S0079-6700(97)00046-4


Materials 2020, 13, 1337 13 of 14

5. Grafton, E.G.; Guyton, J.S. The Value of Injecting Saline into the Vitreous as an Adjunct to Diathermy
Operations for Retinal Detachment. Am. J. Ophthalmol. 1948, 31, 299–303. [CrossRef]

6. Kanclerz, P.; Grzybowski, A. Complications Associated with the Use of Expandable Gases in Vitrectomy.
J. Ophthalmol. 2018. [CrossRef]

7. Chang, S.; Zimmerman, N.J.; Iwamoto, T.; Ortiz, R.; Faris, D. Experimental Vitreous Replacement with
Perfluorotributylamine. Am. J. Ophthalmol. 1987, 103, 29–37. [CrossRef]

8. Kleinberg, T.T.; Tzekov, R.T.; Stein, L.; Ravi, N.; Kaushal, S. Vitreous Substitutes: A Comprehensive Review.
Surv. Ophthalmol. 2011, 56, 300–323. [CrossRef]

9. Donati, S.; Caprani, S.; Airaghi, G.; Vinciguerra, R.; Bartalena, L.; Testa, F.; Mariotti, C.; Porta, G.; Simonelli, F.;
Azzolini, C. Vitreous Substitutes: The Present and the Future. Biomed Res. Int. 2014. [CrossRef]

10. Szurman, P. Vitreous Substitute in Retinal Detachment Surgery—Why We Need a New Tamponade Strategy.
Klin. Monatsbl. 2017, 234, 1094–1102. [CrossRef]

11. Ko, D.Y.; Shinde, U.P.; Yeon, B.; Jeong, B. Recent Progress of In Situ Formed Gels for Biomedical Applications.
Prog. Polym. Sci. 2013, 38, 672–701. [CrossRef]

12. Yu, L.; Ding, J.D. Injectable Hydrogels as Unique Biomedical Materials. Chem. Soc. Rev. 2008, 37, 1473–1481.
[CrossRef]

13. Liang, J.; Karakocak, B.; Struckhoff, J.; Ravi, N. Synthesis and Characterization of Injectable
Sulfonate-Containing Hydrogels. Biomacromolecules 2016, 17, 4064–4074. [CrossRef]

14. Nakagawa, M.; Tanaka, M.; Miyata, T. Evaluation of Collagen Gel and Hyaluronic Acid as Vitreous Substitutes.
Ophthalmic Res. 1997, 29, 409–420. [CrossRef]

15. Hong, Y.; Chirila, T.V.; Vijayasekaran, S.; Shen, W.Y.; Lou, X.; Dalton, P.D. Biodegradation In Vitro and
Retention in the Rabbit Crosslinked Poly(1-vinyl-2-pyrrolidinone) Hydrogel as a Vitreous Substitute. J. Biomed.
Mater. Res. 1998, 39, 650–659. [CrossRef]

16. Suri, S.; Banerjee, R. In Vitro Evaluation of In Situ Gels as Short Term Vitreous Substitutes. J. Biomed.l Mater.
Res. A. 2006, 79A, 650–664. [CrossRef]

17. Su, W.Y.; Chen, K.H.; Chen, Y.C.; Lee, Y.H.; Tseng, C.L.; Lin, F.H. An Injectable Oxidated Hyaluronic
Acid/Adipic Acid Dihydrazide Hydrogel as a Vitreous Substitute. J. Biomater. Sci. Polym. Ed. 2011,
22, 1777–1797. [CrossRef]

18. Tortora, M.; Cavalieri, F.; Chiessi, E.; Paradossi, G. Michael-type Addition Reactions for the In Situ Formation
of Poly(Vinyl Alcohol)-based Hydrogels. Biomacromolecules 2007, 8, 209–214. [CrossRef]

19. Annaka, M.; Mortensen, K.; Vigild, M.E.; Matsuura, T.; Tsuji, S.; Ueda, T.; Tsujinaka, H. Design of an Injectable
in Situ Gelation Biomaterials for Vitreous Substitute. Biomacromolecules 2011, 12, 4011–4021. [CrossRef]

20. Chang, J.; Tao, Y.; Wang, B.; Guo, B.H.; Xu, H.; Jiang, Y.R.; Huang, Y.B. An In Situ-forming Zwitterionic
Hydrogel as Vitreous Substitute. J. Mater. Chem. B 2015, 3, 1097–1105. [CrossRef]

21. Tao, Y.; Tong, X.M.; Zhang, Y.; Lai, J.J.; Huang, Y.B.; Jiang, Y.R.; Guo, B.H. Evaluation of an In Situ Chemically
Crosslinked Hydrogel as a Long-Term Vitreous Substitute Material. Acta Biomater. 2013, 9, 5022–5030.
[CrossRef] [PubMed]

22. Su, X.; Tan, M.; Li, Z.; Wong, M.; Rajamani, L.; Lingam, G.; Loh, X. Recent Progress in Using Biomaterials as
Vitreous Substitutes. Biomacromolecules 2015, 16, 3093–3102. [CrossRef] [PubMed]

23. Stuart, M.A.C.; Huck, W.T.S.; Genzer, J.; Muller, M.; Ober, C.; Stamm, M.; Sukhorukov, G.B.; Szleifer, I.;
Tsukruk, V.V.; Urban, M.; et al. Emerging Applications of Stimuli-responsive Polymer Materials. Nat. Mater.
2010, 9, 101–113. [CrossRef]

24. Davidorf, F.H.; Chambers, R.B.; Kwon, O.W.; Doyle, W.; Gresak, P.; Frank, S.G. Ocular Toxicity of Vitreal
Pluronic Polyol F-127. Retina J. Ret. Vit. Dis. 1990, 10, 297–300. [CrossRef]

25. Katagiri, Y.; Iwasaki, T.; Ishikawa, T.; Yamakawa, N.; Suzuki, H.; Usui, M. Application of Thermo-Setting Gel
as Artificial Vitreous. Jpn. J. Ophthalmol. 2005, 49, 491–496. [CrossRef]

26. Du, H.; Hamilton, P.; Reilly, M.; Ravi, N. Injectable in situ Physically and Chemically Crosslinkable Gellan
Hydrogel. Macromol. Biosci. 2012, 12, 952–961. [CrossRef]

27. Thannhauser, T.W.; Konishi, Y.; Scheraga, H.A. Analysis for Disulfide Bonds in Peptides and Proteins.
Methods Enzymol. 1987, 143, 115–119. [CrossRef]

28. Liang, J.; Struckhoff, J.; Du, H.; Hamilton, P.; Ravi, N. Synthesis and Characterization of In Situ Forming
Anionic Hydrogel as Vitreous Substitutes. J. Biomed. Mater. Res. B 2017, 105, 977–988. [CrossRef]

http://dx.doi.org/10.1016/0002-9394(48)91156-8
http://dx.doi.org/10.1155/2018/8606494
http://dx.doi.org/10.1016/S0002-9394(14)74165-0
http://dx.doi.org/10.1016/j.survophthal.2010.09.001
http://dx.doi.org/10.1155/2014/351804
http://dx.doi.org/10.1055/s-0043-114422
http://dx.doi.org/10.1016/j.progpolymsci.2012.08.002
http://dx.doi.org/10.1039/b713009k
http://dx.doi.org/10.1021/acs.biomac.6b01368
http://dx.doi.org/10.1159/000268042
http://dx.doi.org/10.1002/(SICI)1097-4636(19980315)39:4&lt;650::AID-JBM21&gt;3.0.CO;2-9
http://dx.doi.org/10.1002/jbm.a.30917
http://dx.doi.org/10.1163/092050610X522729
http://dx.doi.org/10.1021/bm0607269
http://dx.doi.org/10.1021/bm201012f
http://dx.doi.org/10.1039/C4TB01775G
http://dx.doi.org/10.1016/j.actbio.2012.09.026
http://www.ncbi.nlm.nih.gov/pubmed/23022890
http://dx.doi.org/10.1021/acs.biomac.5b01091
http://www.ncbi.nlm.nih.gov/pubmed/26366887
http://dx.doi.org/10.1038/nmat2614
http://dx.doi.org/10.1097/00006982-199010000-00013
http://dx.doi.org/10.1007/s10384-005-0255-3
http://dx.doi.org/10.1002/mabi.201100422
http://dx.doi.org/10.1016/0076-6879(87)43020-6
http://dx.doi.org/10.1002/jbm.b.33632


Materials 2020, 13, 1337 14 of 14

29. Santhanam, S.; Liang, J.; Struckhoff, J.; Hamilton, P.; Ravi, N. Biomimetic Hydrogel with Tunable Mechanical
Properties for Vitreous Substitutes. Acta Biomater. 2016, 43, 327–337. [CrossRef]

30. Karakocak, B.B.; Liang, J.; Biswas, P.; Ravi, N. Hyaluronate Coating Enhances the Delivery and
Biocompatibility of Gold Nanoparticles. Carbohydr. Polym. 2018, 186, 243–251. [CrossRef]

31. Santhanam, S.; Shui, Y.-B.; Struckhoff, J.; Karakocak, B.B.; Hamilton, P.D.; Harocopos, G.J.; Ravi, N. Bioinspired
Fibrillary Hydrogel with Controlled Swelling Behavior: Applicability as an Artificial Vitreous. ACS Appl.
Bio Mater. 2018, 2, 11. [CrossRef]

32. Zimmerman, R.L. In Vivo Measurements of the Viscoelasticity of the Human Vitreous-Humor. Biophys. J.
1980, 29, 539–544. [CrossRef]

33. Lee, B.; Litt, M.; Buchsbaum, G. Rheology of the Vitreous Body 1. Viscoelasticity of Human Vitreous.
Biorheology 1992, 29, 521–533. [CrossRef]

34. Swindle, K.E.; Hamilton, P.D.; Ravi, N. In Situ Formation of Hydrogels as Vitreous Substitutes: Viscoelastic
Comparison to Porcine Vitreous. J. Biomed. Mater. Res. A 2008, 87A, 656–665. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.actbio.2016.07.051
http://dx.doi.org/10.1016/j.carbpol.2018.01.046
http://dx.doi.org/10.1021/acsabm.8b00376
http://dx.doi.org/10.1016/S0006-3495(80)85152-6
http://dx.doi.org/10.3233/BIR-1992-295-612
http://dx.doi.org/10.1002/jbm.a.31769
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials Synthesis and Characterization 
	In Vitro Biocompatibility Testing 
	Animal Studies 

	Results and Discussion 
	Synthesis and Properties of the Thermoresponsive Hydrogels 
	In Vitro Biocompatibility of the Formulated Hydrogels 
	Animal Studies 

	Conclusions 
	References

