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A B S T R A C T

Therapeutic protein delivery directly to the eye is a promising strategy to treat retinal degeneration; yet, the high
risks of local drug overdose and cataracts associated with bolus injection have limited progress, requiring the
development of sustained protein delivery strategies. Since the vitreous humor itself is a gel, hydrogel-based
release systems are a sensible solution for sustained intravitreal protein delivery. Using ciliary neurotrophic
factor (CNTF) as a model protein for ocular treatment, we investigated the use of an intravitreal, affinity-based
release system for protein delivery. To sustain CNTF release, we took advantage of the affinity between Src
homology 3 (SH3) and its peptide binding partners: CNTF was expressed as a fusion protein with SH3, and a
thermogel of hyaluronan and methylcellulose (HAMC) was modified with SH3 binding peptides. Using a
mathematical model, the hydrogel composition was successfully designed to release CNTF-SH3 over 7 days. The
stability and bioactivity of the released protein were similar to those of commercial CNTF. Intravitreal injections
of the bioengineered thermogel showed successful delivery of CNTF-SH3 to the mouse retina, with expected
transient downregulation of phototransduction genes (e.g., rhodopsin, S-opsin, M-opsin, Gnat 1 and 2), upre-
gulation of STAT1 and STAT3 expression, and upregulation of STAT3 phosphorylation. This constitutes the first
demonstration of intravitreal protein release from a hydrogel. Immunohistochemical analysis of the retinal
tissues of injected eyes confirmed the biocompatibility of the delivery vehicle, paving the way towards new
intravitreal protein delivery strategies.

1. Introduction

Therapeutic protein delivery to the retina is promising for the
treatment of prevalent degenerative diseases. Age-related macular de-
generation, diabetic retinopathy and retinitis pigmentosa (RP) are
among the retinal conditions shown to benefit from innovative protein-
based treatments pre-clinically [1–4]. Yet, ocular delivery of proteins is
challenging. Eye drops are rapidly cleared, thereby limiting the benefits
of topical application, and the blood-retinal barrier at the back of the
eye reduces the efficacy of systemic administration [5]. Thus, repeated
bolus intravitreal injections remain the standard route of administra-
tion, but have higher risks of drug overdose, inflammation (e.g., uveitis,
endophthalmitis) and cataracts [6]. This challenge prompted us to in-
vestigate the use of a bioengineered intravitreal hydrogel for sustained,

local therapeutic protein delivery to the retina, using ciliary neuro-
trophic factor (CNTF) for proof of concept.

CNTF has long been studied for its neuroprotective effect on the
retina. In various degenerative animal models (e.g., mice, rats, dogs),
CNTF consistently leads to prolonged photoreceptor cell survival and
increased outer nuclear layer (ONL) thickness [7], intensifying interest
for its sustained delivery. For example, CNTF-secreting retinal pigment
epithelial cells encapsulated in an implantable device and placed in the
vitreous, were shown to effectively release CNTF, with no adverse
events in patients [8–10]. However, while this device is entering phase
3 clinical trials for the treatment of a rare retinal disease (macular
telangiectasia) [11,12], long-term implantation showed no improve-
ments in visual acuity in RP patients [13]. Moreover, such an implant
requires a complex, invasive surgery, followed by implant removal, and
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the long-term fate of encapsulated cells remains a concern. These
findings highlight the need for less invasive delivery approaches.

An intravitreal controlled release system should allow sustained
delivery while being injectable through a fine-gauge needle for minimal
invasiveness. Taking advantage of electrostatic or other non-covalent
interactions, various strategies have been developed to locally sustain
protein release for other applications [14]. Extracellular matrix com-
ponents (e.g., heparin, fibrin) that naturally bind proteins [15–20] have
been successfully applied for the tunable delivery of various growth
factors, such as vascular endothelial growth factor (VEGF), platelet-
derived growth factor-BB (PDGF-BB), and transforming growth factor-
β1 (TGF-β1) [21]. More recently, hydrogel/particle composite mate-
rials have been explored, either using the competitive binding proper-
ties of nucleic acid aptamers to release factors on demand [22], or self-
regulated electrostatic interactions from embedded, negatively-charged
PLGA nanoparticles [23]. However, none of these strategies have been
applied to intravitreal protein delivery to date. Intravitreal na-
notherapies have been extensively studied for small molecule drugs
[24–26], but the typical harsh encapsulation conditions often reduce
their utility for protein delivery. Thus, only few examples of nano-
particle-mediated, intravitreal protein delivery systems have been re-
ported, with limited success [27–29].

Given that the vitreous humor is a gel primarily composed of hya-
luronan, we anticipated that hyaluronan-based hydrogels would be
beneficial for intravitreal delivery when designed with the following
characteristics: biocompatible, injectable or rapidly in-situ forming,
bioresorbable or biodegradable, and transparent. In the context of in-
travitreal release, the anti-VEGF antibody, bevacizumab, was physically
entrapped in either a synthetic thermogel of poly(2-ethyl-2-oxazoline)-
b-poly(ε-caprolactone)-b-poly(2-ethyl-2-oxazoline) [30] or a cross-
linked chitosan-alginate hydrogel [31], but its release was only eval-
uated in vitro. The safety of intravitreal injections of poly(ethylene
glycol) diacrylate crosslinked poly(N-isopropylacrylamide) was as-
sessed in mice, revealing a detrimental effect on retinal thickness and
function [32]. These striking observations prompted us to develop a
novel and safe approach for the delivery of growth factors to the retina.

We designed a hydrogel to provide sustained release of CNTF to the
retina when injected in the vitreous humor (Fig. 1). The hydrogel is
composed of a physical blend of hyaluronan (HA) and methylcellulose
(MC), that we refer to as HAMC and which is an inverse thermogelling
polymer [33–35]. To control the release of CNTF, it is recombinantly
expressed as a fusion protein with the Src homology 3 (SH3) domain
while HAMC is modified with an SH3 binding peptide with a dis-
sociation constant (KD) of approximately 10−5 M, thereby allowing
reversible binding of the fusion protein to the gel matrix [36]. For the
first time, the peptide-modified HAMC hydrogel was designed to
achieve the desired affinity release using a previously-developed
mathematical model [37]. Using this model, the SH3 binding peptide
concentration can be predicted for a desired release profile, in-
dependent of the protein concentration and the protein-to-peptide ratio.
The structure, stability, bioactivity and controlled release of CNTF-SH3
are investigated in vitro prior to evaluating intravitreal release and
protein bioactivity from our hydrogel-based delivery system in the
mouse eye.

2. Material and methods

2.1. Materials

pET24 vector was purchased from Invitrogen (Burlington, Canada).
Restriction enzymes were purchased from New England Biolabs
(Pickering, ON). Pharma grade high molecular weight sodium hyalur-
onate (HMW HA) (1.2–1.9MDa) was purchased from NovaMatrix, and
methylcellulose of 300 kg.mol−1 was purchased from Shin Etsu (Tokyo,
Japan). Anti-CNTF antibody was purchased from Abcam (Cambridge,
USA). All buffers were made with deionized water. All other solvents

and reagents were purchased from Sigma-Aldrich and used as received.
Static light scattering was measured using a UNit apparatus (Unchained
Labs Inc.).

2.2. Protein expression

To obtain His–SH3–CNTF–FLAG DNA, a sequence coding for CNTF
with a C-terminal FLAG tag was subcloned into a pET24d+ vector al-
ready containing the sequence coding for His-SH3 followed by a flexible
linker region. The flexible linker region was added to ensure that the
activity of CNTF would not be affected by the addition of this extra bulk
at the N-terminus, as had been previously demonstrated with another
construct [38]. CNTF was inserted into this target vector using the re-
striction enzymes XhoI and EagI. The plasmid was transformed into
chemically competent BL21(DE3) Escherichia coli cells, plated on Luria-
Bertani (LB)-agar plates containing 50 μgmL−1 kanamycin and in-
cubated overnight at 37 °C. Resulting clones were grown in starter
cultures of 20mL of Luria-Bertani (LB) broth containing 50 μgmL−1

kanamycin overnight at 37 °C. Starter cultures were inoculated into
1.8 L of Terrific Broth (TB) supplemented with 0.8% glycerol,
50 μgmL−1 kanamycin, and 5 drops of Anti-foam 204. Cells were
grown at 37 °C, with air sparging, until an OD600 of 0.8–1.0 was
reached (approximately 2 h). Cells were then induced with a final
concentration of 0.8mM IPTG and grown overnight at 16 °C, with 5
additional drops of antifoaming agent. Cells were pelleted by cen-
trifugation for 10min at 7000 rpm and 4 °C (Beckman Coulter cen-
trifuge Avanti J-26 with rotor JLA-8.1000). Cell pellets were transferred
to 50-mL falcon tubes, and re-suspended in 30mL of binding buffer
(50mM Tris pH 7.5, 500mM NaCl, 5 mM imidazole), prior to sonica-
tion for 5min at 30% amplitude with a pulse of 2 s (Misonix S-4000
Sonicator Ultrasonic Processor equipped with a Dual Horn probe). The
slurry was centrifuged at 45,000 g for 15min at 4 °C (Beckman Coulter
centrifuge Avanti J-26 with rotor JA-25.50). The liquid fraction was
incubated with 1mL of Ni-NTA resin solution for 15min at 4 °C. The
resin was collected in a column with a glass frit, washed 10×10mL
with wash buffer (50mM Tris, pH 7.5, 500mM NaCl, 30mM imida-
zole), and eluted with 5×5mL elution buffer (50mM Tris, pH 7.5,
500M NaCl, 250mM imidazole). From a Bradford assay, the elution
fractions containing the expressed protein were combined and dialyzed
against PBS overnight. The eluate was then concentrated to 3mL using
a Vivaspin centrifugal filter (MWCO 10 kDa; Sartorius), filtered and
further purified by fast protein liquid chromatography (FPLC) (FPLC,
Hi-load 16/60 Superdex 200 prep grade column, AKTA Explorer 10,
Amersham Pharmacia) in PBS. Protein concentrations were determined
by absorbance at 280 nm using an ND-1000 Nanodrop spectro-
photometer. The protein was analyzed by SDS-PAGE and mass spec-
trometry, and concentrated before long-term storage at −80 °C.

2.3. MC-peptide synthesis

Maleimide-modified SH3-binding peptide (sequence: GGGKPPVV-
KKPHYLS) was synthesized as previously reported [36]. MC-peptide
was synthesized using a previously reported method, with some mod-
ifications described here [36,39]. Unless specified, all reactions and
dialyses were carried out at 4 °C. MC was carboxylated using a Wil-
liamson ether synthesis (10 equivalents of bromoacetic acid), and
purified by dialysis. Carboxylated MC was activated with 3 equivalents
of (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium
chloride) (DMT-MM) for 30min in MES buffer (pH 5.5), and reacted
with 1.5 equivalents of 3,3′-dithiobis(propionic dihydrazide) DTP for
3 days. The disulfide-containing MC-DTP was dialysed (MWCO
12–14 kDa, Spectrum Labs) against 0.1M NaCl for 1 day and DI water
for 2 days. The disulfide reduction was performed at room temperature,
with a large excess of dithiothreitol (DTT), prior to dialysis against
0.1 M NaCl at pH 4 for 1 day, and HCl-acidified water at pH 4 for 2 days,
to yield thiolated MC (≈ 110–150 nmoles of thiol per mg of MC). The
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thiolated MC solution was adjusted to pH 6.8 and reacted overnight
with 2 equivalents of maleimide-modified SH3-binding peptide via a
Michael-type addition; the remaining free thiols were quenched with N-
(2-hydroxyethyl) maleimide in excess (773,263 ALDRICH) for 24 h
before dialysing the reaction solution (MWCO 100 kDa, Spectrum Labs)
against 0.1M phosphate buffer for 1 d and DI water for 2 d. The MC-
peptide solution was then filter-sterilized, lyophilized and stored at
−80 °C. The peptide content was evaluated by amino acid analysis.

2.4. Gel stability

A typical gel preparation for swelling/stability evaluation was, as
follows: to prepare a HAMC 1/4 hydrogel, indicative of 1% and 4% (w/
v) of hyaluronan (HA) and methylcellulose (MC), respectively, 4 mg of
HA and 16mg of MC were placed in a 2-mL Eppendorf tube. 400 μL of
PBS were added, and the polymer mix was sequentially speed-mixed
(SpeedMixer DAC 150 FV2; FlackTek Inc., Landrum, USA) for 2min,
microcentrifuged at max speed (14,000 rpm) for 10 s and kept on ice for
30min, 2 times, prior to gentle shaking at 4 °C overnight. The pre-gel
mix was centrifuged one more time for 2min, and microcentrifuged for
2min at max speed. Pre-gel formulations were transferred to a 500-μL
Hamilton syringe equipped with a 22-gauge needle, and divided into
100-μL pre-gels in pre-weighed, 2-mL Eppendorf tubes. Using swinging
buckets, the pre-gels were flattened by centrifugation (5 s; 3000 rpm) at
4 °C. The formulations were kept shaking gently for 15min in a 37 °C
incubator to allow complete thermogelation. The gel-containing tubes
were weighed, and warm PBS (37 °C) was added to simulate release
conditions and exposure to fluids. At specific time points (0, 2, 6, 24,
48 h; then 4, 7, 10 and 14 d), supernatants were removed, gel surfaces
were carefully dried with wipes, and tubes were weighed. The swelling

was determined as the ratio of a hydrogel mass at a given time point
over its initial mass. Maximum swelling was determined as the highest
mass ratio reached during the swelling study.

2.5. Thermogelation properties

Thermogelation data were collected using a TA Instruments AR1000
rheometer (New Castle, DE), equipped with a 1° acrylic cone (60mm)
and a Peltier plate for temperature control. A solvent trap was used to
minimize evaporation during the measurements. Gels were first equi-
librated for 5min at 4 °C. Then, the loss tangent, tan(δ), defined as the
ratio of shear loss modulus (G") and shear storage modulus (G'), was
measured as a function of temperature, from 5 °C to 50 °C, with 5 °C
increments stabilizing for 5min each. The measurements were per-
formed at 3 different angular frequencies in the terminal zone (0.01,
0.02 and 0.1 Hz), using 1% strain, which was confirmed to be in the
linear viscoelastic region of the material studied.

2.6. Mathematical procedure for gel design

Using a previously reported mathematical model for affinity release
systems, the theoretical diffusivity of the designed protein was first
calculated. From the Stokes-Einstein equation and an approximation of
the protein volume [40], the diffusivity of CNTF-SH3 at 37 °C, noted
DCNTF-SH3, was calculated to be 1.55 10−10 m2 s−1. Next, for a chosen
release duration of 7 d (604,800 s), the required concentration of
peptide, Cpeptide, was determined using the following equation from our
mathematical model [37]:

Fig. 1. a) Schematic of the intravitreal CNTF affinity-based release strategy. A physical thermogel composed of hyaluronan and methylcellulose, HAMC, is covalently
modified with a peptide binding partner of the SH3 protein domain to allow the intravitreal sustained affinity release of a CNTF-SH3 fusion protein. b) The CNTF-SH3
fusion protein is recombinantly expressed from E. coli, with a His tag to facilitate purification. c) To immobilize the SH3 peptide binding partner of interest, the
synthetic proline-rich peptide (sequence: GGGKPPVVKKPHYLS) is modified with a maleimide, prior to covalent grafting onto thiolated methylcellulose via Michael-
type addition.
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L= 4×10−3 m, the thickness of the gel; D is the calculated diffusivity
(m2 s−1), and KD=2.7.10−5 M, the specific dissociation constant for
the designed peptide and SH3.

To ensure 1% protein release detection, the total CNTF-SH3 con-
centration was adjusted based on the lower limit of detection by ELISA
(0.025 μg.mL−1). The total CNTF-SH3 concentration was set to
2.5 μgmL−1, or 76.68 nM. Considering 900 μL of release medium, this
corresponds to the encapsulation of 2.5 μg of CNTF-SH3 per 100 μL gel.
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where α, β and γ are three dimensionless parameters influencing the
regime of release; L= 4×10−3 m is the thickness of the gel;
koff=104 s−1 is an approximation of the dissociation rate constant; D is
the diffusivity calculated above (in m2 s−1); KD= 2.7 10−5 M, the
specific dissociation constant for the designed peptide and SH3; Cfree
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where Cfree protein,0 is the free-state protein concentration in an equili-
brated gel; Cprotein= 76.68 nM, the desired total amount of protein in a
gel; Cpeptide= 1.9M, the calculated amount of immobilized peptide in a
gel; Ccomplex the amount of complexed protein with peptide (M);
KD= 2.7 10−5 M, the specific dissociation constant for the immobilized
peptide and SH3; and xeq, the concentration of bound protein and
peptide at the equilibrium.

2.7. HAMC Gel preparation

Each of HA, MC and MC-peptide was dissolved in deionized H2O,
sterile-filtered and lyophilized. To make 400 μL of peptide-modified
HAMC 1/4, in a 2-mL Eppendorf tube, 4 mg of sodium hyaluronate
(1.2–1.9MDa; NovaMatrix), 9.82mg of MC and 6.18mg of peptide-
modified MC were dissolved in 394.7 μL of PBS containing 2mgmL−1

BSA and some EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich; a
tablet per 10mL). The polymer blend was speed-mixed (SpeedMixer
DAC 150 FV2; FlackTek Inc., Landrum, USA) for 2min, micro-
centrifuged at maximum speed (14,000 rpm) for 10 s and kept on ice for
30min, repeated 3 times, prior to a final microcentrifugation for 2min
at maximum speed. 5.26 μL of CNTF-SH3 (10 μg) were added onto the
polymer blend, which was subsequently speedmixed for 30 s, cen-
trifuged for 2min and left shaking at 4 °C overnight. The protein-con-
taining pre-gel mix was centrifuged one more time for 2min prior to
use in the protein release study.

2.8. Release study and protein degradation

Gels were prepared as described above. An unmodified HAMC
control was prepared, following the same formulation procedure
without the incorporation of peptide-modified MC. Pre-gel formulations

were transferred to a 500 μL Hamilton syringe equipped with a 22-
gauge needle, and divided into 100 μL pre-gels in separate 2mL
Eppendorf tubes. Using swinging buckets, the pre-gels were flattened by
centrifugation (5 s; 3000 rpm) at 4 °C. The formulations were kept in a
37 °C incubator with gentle shaking for 15min to allow complete
thermogelation. 900 μL of warm release medium was added to each
tube, and the gels were kept in a 37 °C incubator with gentle shaking for
the time of the release study. The supernatants were collected (and
stored at −80 °C) at designated time points (0, 2, 6, 12, 24, 48 h, and 4,
7, 10 d), and replaced with 900 μL of new warm release medium.

Soluble CNTF-SH3 was used to evaluate protein degradation: CNTF-
SH3 was diluted in release medium (0.25 μgmL−1), aliquoted (500 μL)
in 1.5-mL Eppendorf tubes, and kept at 37 °C with the releasing gels for
the time of the study. At each time point, an aliquot was stored at
−80 °C for future analysis. Similarly, as blank for analyses, release
medium was kept at 37 °C, sampled at each time point and stored at
−80 °C.

2.9. ELISA for CNTF-SH3

Duplicated standard samples of fresh CNTF-SH3, from
0.016–1.0 μgmL−1, were prepared by serial dilution in fresh release
medium. Released samples, degradation controls and release medium
blanks from the release study were all quickly thawed (37 °C, 2min)
and kept on ice until use. 200 μL of each standard dilution (duplicates),
samples (triplicates) and controls (triplicates), were plated into a 96-
well Ni-NTA plate (Qiagen, Toronto, ON), and incubated for 2 h at 37 °C
on an orbital shaker. The wells were washed 4 times with 300 μL of
wash buffer (1× PBS+0.05% Tween 20), gently shaken for 1min,
before vigorous tapping and blot drying of the plate on paper towels.
200 μL of primary anti-CNTF antibody solution (rabbit; 1:10000 dilu-
tion in 1× PBS+0.2% BSA) were added to each well, prior to in-
cubation at room temperature on orbital shaker for 1 h. The wells were
washed 4 times following the aforementioned procedure. 200 μL of
HRP-conjugated secondary antibody solution (anti-rabbit; 1:5000 di-
lution in 1× PBS+0.2% BSA) were added to each well, prior to in-
cubation at room temperature on orbital shaker for 45min. The wells
were washed again 4 times, and 100 μL of 2,2′-azino-bis(3-ethylben-
zothiazoline-6-sulphonic acid) (ABTS) solution was added to each well,
and incubated at room temperature on shaker for 20min. The absor-
bance was measured at 405 nm with a wavelength correction at
650 nm. Protein concentration was calculated based on the linear range
of a standard curve from the same plate, corrected with the protein
degradation curve.

2.10. CNTF-SH3 bioactivity assay

Using a TF1-α cell proliferation assay, the CNTF-SH3 protein
bioactivity was evaluated and compared to commercial CNTF in vitro.
TF1-α cells were grown in RPMI with 10% (v/v) FBS, containing
2 ngmL−1 of recombinant human GM-CSF (life technology; REF
PHC2015). The cells were then pelleted and re-suspended at a density
of 2× 105 cells mL−1 in RPMI with 10% (v/v) FBS (no GM-CSF). 50 μL
of the cell solution were plated in a 96-well plate (104 cells well−1). The
proteins tested, namely commercial CNTF and expressed CNTF-SH3,
were diluted to the desired concentrations (1, 10 and 100 ngmL−1) in
RPMI with 10% (v/v) FBS; and 50 μL of the different protein solutions
were added to separate wells (3 wells per condition). The cells were
incubated for 24, 48 and 72 h at 37 °C (5% CO2), prior to PrestoBlue®
fluorescence measurements. The experiment was performed on three
biological replicates, using TF1-α cells grown and passaged in-
dependently, at least 3 times.

A similar study was performed on CNTF-SH3 released samples.
Released samples were stored at −80 °C until the end of the release
experiment. The concentration of CNTF-SH3 at each time point was
assessed by ELISA, and all samples were diluted to 10 ngmL−1 using
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RPMI with 10% (v/v) FBS. The concentration-matched samples were
then filter-sterilized and tested for bioactivity using the aforementioned
proliferation assay.

2.11. Animals

All experiments were approved by the University Health Network
Research Ethics Board and adhered to the guidelines of the Canadian
Council on Animal Care. Animal husbandry was in accordance with the
Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision Research.
Animals were maintained under standard laboratory conditions and all
procedures were performed in conformity with the University Health
Network Animal Care Committee (protocol 3499.13). 67 C57BL/6 J
mice (Charles River) of both sexes were used, all between 6 and 8weeks
old at the time of treatment.

2.12. Intravitreal injections

Animals were anesthetized by a mixture of ketamine (Vetalar,
Boehringer Ingelheim) and medetomidine (Cepetor, Modern Veterinary
Therapeutics) in sterile 0.9% NaCl administered intraperitoneally. Eyes
were dilated using 1% tropicamide (Mydriacyl, Alcon) drops. A scleral
incision was made in the dorsal side, posterior to the limbus using a 30-
gauge sharp needle. Next, a blunt 32-gauge needle (Hamilton) was in-
serted tangentially into the vitreal space avoiding the lens. Injection
optimization was performed by injection of 1 μL of HAMC mixed with
blue food dye into the left eye using a nano-injector (Harvard
Apparatus). The optimal rate of injection was found to be 0.5 μLmin−1

and needle was held in place post-transplant for 2min to minimize
reflux.

2.13. RNA purification and quantitative RT-PCR (qPCR)

Mice were euthanized at 24 h and 7 d post-injection by carbon di-
oxide inhalation. Subsequently, retinas were dissected in PBS and flash
frozen using dry ice. Next, total RNA was extracted using the RNeasy
Mini Kit (Qiagen) according to manufacturer's directions. First-strand
cDNA was synthesized using the QuantiTect Reverse Transcription Kit
(Qiagen) as per manufacturer's directions, with and without reverse
transcriptase to assess genomic contamination during downstream RT-
PCR. For all samples, target gene mRNA levels were determined by
quantitative RT-PCR (qPCR) using iQ SYBR Green Supermix (Bio-Rad)
and a MyiQ iCycler (Bio-Rad). Primer pairs were designed using
PRIMER-blast (http://www.ncbi.nlm.nih.gov/) or were previously
published (Table S1). Primers were optimized using a 5-point standard
curve of 2-fold diluted composite cDNA from relevant tissue and
deemed acceptable with an R2 > 0.95, a percent efficiency between 90
and 110%, a sharp single point melt curve, positive controls with Ct

values> 10 cycle difference compared to no RT control samples, and
expected amplicon size by agarose gel electrophoresis. All samples were
run in triplicate, normalized to GAPDH, and quantified relative to the
PBS injected animals.

2.14. Immunoblotting

Mice were euthanized at 24 h and 7 d post-injection by carbon di-
oxide inhalation. Following, total protein extracts were prepared from
frozen adult mouse retinas by manual homogenization in ice-cold RIPA
lysis buffer (50mM Tris–HCl pH 7.4, 150mM NaCl, 1% NP40, 0.1%
SDS, 0.5% sodium deoxycholate, 10 mM NaF, 5mM sodium citrate,
1.5 mM MgCl2, 10 μM ZnCl2) supplemented with a protease inhibitor
cocktail (Roche) and phosphatase inhibitor cocktail (Thermo-Fisher).
Homogenates were sonicated for 10 s at 4 °C, followed by centrifugation
at 15,000 g for 20min at 4 °C to sediment insoluble material. Protein
samples were quantified via Bradford assay, resolved by denaturing

SDS-PAGE on 4–20% Tris-acetate polyacrylamide gels (Bio-Rad), and
blotted onto PVDF membranes (Bio-Rad) by electrophoretic transfer in
Tris-glycine buffer containing 10% methanol and 0.05% SDS.
Membranes were blocked with 5% BSA in Tris-buffered saline (TBS) for
1–2 h at room temperature, followed by overnight incubation at 4 °C
with a 1:1000 dilution of mouse anti-STAT3 antibody (Cell Signaling
Technology, Danvers, MA, USA) or a 1:2000 dilution of rabbit anti-P-
STAT3 antibody (Cell Signaling Technology, Danvers, MA, USA), and
subsequent incubation for 1–2 h at room temperature in a 1:10,000
dilution of donkey anti-mouse IgG (Sigma-Aldrich Canada Co.,
Oakville, ON, Canada) or donkey anti-rabbit IgG (Sigma-Aldrich
Canada Co., Oakville, ON, Canada). Membranes were subjected to three
10min washes in TBS following primary and secondary antibody in-
cubation. Immunoblots of retinal protein extracts pooled from three
mice were used for the analysis of STAT3 and P-STAT3 protein levels.

2.15. Immunohistochemistry

Mice were euthanized at 7 d post-injection by carbon dioxide in-
halation. Subsequently, mice were exsanguinated with PBS (0.14M
NaCl, 2.5 mM KCl, 0.2 M Na2HPO4, 0.2M KH2PO4) and transcardially
perfused with 4% paraformaldehyde (PFA). Eyes were then marked
with a silver nitrate stick on the dorsal part of the cornea before en-
ucleating. Eyes were fixed for an additional 30min in 4% PFA on ice
and then cryoprotected overnight in 30% sucrose at 4 °C in PBS. Next,
tissues were equilibrated in 50:50 v/v 30% sucrose in PBS: OCT (Tissue-
Tek) for 1 h and subsequently oriented and embedded in plastic molds.
Tissue blocks were stored in −80 °C. Tissue was sectioned at 20 μm
thickness onto Superfrost Plus slides (Fisher Scientific) on a Leica
cryostat and air-dried for 1 h before being stored in a slide box with
desiccant at −20 °C. For immunocytochemistry, sections were blocked
with 10% donkey serum (DS) (Sigma Aldrich, Oakville, Canada, www.
sigmaaldrich.com) 0.3% Triton-X in PBS for 1 h at room temperature.
Primary antibodies against GFAP (1:500, Abcam) and Cone arrestin
(1:1000, Millipore) were diluted in 5% DS 0.15% Triton-X in PBS for
overnight staining of retina sections at 4 °C. After 3 washes with PBS,
sections were incubated with fluorescent secondary antibody diluted in
5% DS 0.15% Triton-X in PBS for 1 h at room temperature in a light
protected humidified box. Nuclei were counterstained with fluorescent
DNA-binding dye, Hoechst 33342 (Life Technologies). Slides were
washed and glass coverslips were mounted with DAKO mounting
media.

2.16. Statistical analysis

All in vitro data are presented as mean ± standard deviation. All in
vivo data are presented as mean ± standard error of the mean
(S.E.M.). Statistical analyses were performed using Excel and statistical
significance was determined using a Student's t-test when applicable.

3. Results

3.1. HAMC 1/4 is the optimal hydrogel formulation based on minimal-
swelling and stability

To investigate the use of a peptide-modified HAMC as an in-
travitreal hydrogel for CNTF affinity release, we first studied the effect
of HAMC composition on hydrogel swelling and stability. Using filter-
sterilized materials, a systematic swelling study of all combinations of
HA and MC at 0, 1, 3 and 6% (w/v) was performed at 37 °C (Fig. 2a).
When comparing the maximum swelling as a function of either HA or
MC concentration, HA has the dominant effect, with swelling increasing
with HA concentration in a linear fashion (Fig. S1). Interestingly, the
swelling behavior of HAMC is independent of the ratio of the two
polymers. To minimize swelling, 1% (w/v) HA was selected for further
studies of stability, thermogelation and affinity release.
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We investigated the effect of the MC concentration on thermogel
stability at 37 °C, given that MC chains form hydrophobic physical
crosslinks. We found that 4% (w/v) MC is the minimal concentration
necessary to achieve at least two weeks of stability (Fig. 2b). While
higher MC concentrations also result in stable gels, higher polymer
content increases viscosity, which makes injection difficult. Thus,
HAMC 1/4 was selected as the best candidate for both stability and
minimal swelling. To confirm the inverse thermogelation mechanism
associated with MC, the dynamic shear storage and loss moduli of
HAMC 1/4, as a function of temperature, were further evaluated. The
entanglement of HMW HA chains can produce transient pseudo-vis-
coelastic properties, which depend on the polymer concentration and
the angular frequency during the measurements [41,42]. Using 1% (w/
v) HA, we confirmed that evaluating HAMC gelation at a fre-
quency≥ 1 Hz distorts the results (Fig. S2). To better assess the gela-
tion temperature, the loss tangent, tan(δ), defined as the ratio of shear
loss modulus (G") to shear storage modulus (G'), was measured at 3
different angular frequencies in the terminal zone of HMW HA (0.01,
0.02 and 0.1 Hz) (Fig. 2c). While our measurements do not show a
single intersection, which is the theoretical indication of an exact ge-
lation point, all curves show similar trends, with a clear decrease in loss
tangent above 25 °C, and consistently reaching gel state (tan(δ)≤ 1) in
the range of 35–40 °C. Furthermore, when the thermogel was stabilized
at 37 °C and subsequently incubated at 4 °C, we observed rapid gelation
reversal and complete dissolution within hours (Fig. S3).

3.2. Expressed CNTF-SH3 is bioactive and stable

CNTF-SH3 was successfully expressed as a fusion protein of CNTF
with SH3, as shown by SDS-PAGE (Fig. 3a), with a single band between
25 and 37 kDa. Further characterization by mass spectrometry revealed
a mass of 32,459 gmol−1 (Fig. 3b), close to the expected
32,600 gmol−1, suggesting minor discrepancies in amino acids and/or
impurities.

The bioactivity of the CNTF-SH3 was assessed in vitro using the
TF1-α erythroleukemic cell proliferation assay over a range of protein
concentrations (1 to 100 ngmL−1). At all the concentrations tested, the
fusion protein significantly increased cell proliferation compared to no
treatment (Fig. 3c). Furthermore, the CNTF-SH3 bioactivity was not
significantly different from that of a commercial CNTF at the same
concentration.

To gain insight into the stability of CNTF and CNTF-SH3, the pro-
teins were subjected to thermal stability experiments, using static light
scattering (SLS) to characterize melting temperatures (Tm) and protein
unfolding. While the reference CNTF shows a single melting

temperature at 53 °C, CNTF-SH3 possesses two successive inflection
points at 53 °C and 75 °C, reflecting the successive unfolding of each of
its domains – first CNTF and then SH3 (Fig. 3d). To further evaluate the
stability of CNTF-SH3 in release conditions, aliquots of fusion protein
solution were subjected to similar processing steps to release samples
(i.e., dilution, incubation and storage), and tested for stability by ELISA
(Fig. 3e). The normalized results show that after an initial ≈ 30% de-
crease, protein detectability remains consistent over the 10 d experi-
ment.

3.3. A mathematical model allows the design of controlled release

To sustain the release of CNTF-SH3 from HAMC, a maleimide-
modified SH3-binding peptide, GGGKPVVKKPHYLS, with a KD of
2.7× 10−5 M, was immobilized onto MC (110 nmol mg−1), as pre-
viously reported [36,39]. To achieve the desired release profile of CNTF
release in 7 days, we used a published mathematical model [37]. We
first determined the dimensionless time, t*, from the reported master
curve model (t*= 1). The concentration of immobilized peptide re-
quired in the hydrogel to achieve the desired release profile was then
calculated according to the following equation:

= ⎛
⎝

∗
∗

− ⎞
⎠∗C K t D

t L
1peptide D 2

where L=4×10−3 m is the thickness of the gel; D= 1.55
10−10 m2 s−1 is the calculated protein diffusivity; and KD= 2.7 10−5 M
is the specific dissociation constant for the designed peptide and SH3.

The designed release system of HAMC-peptide and CNTF-SH3 re-
sulted in the predicted protein release profile, and the release was
slower at all time points compared to that of unmodified HAMC and
CNTF-SH3 (Fig. 4a). To compare the release rates, the cumulative
protein release was plotted against the square root of time, where the
slope of the linear portion is proportional to the apparent protein dif-
fusivity (Fig. 4b). The calculated diffusion coefficients, k1 and k2, show
a 2.44-fold decrease (p≤ .01) in apparent protein diffusivity in the
modified HAMC-peptide compared to the unmodified HAMC, con-
firming controlled release. The Fickian diffusion phase was extended in
HAMC-peptide to 48 h vs. 24 h for HAMC. However, after 7 days, the
cumulative released fraction reached a plateau at 49.2 ± 1.5% from
HAMC-peptide vs. 80.6 ± 9.6% from unmodified HAMC. The hydro-
gels were subsequently dissolved at 4 °C to quantify the remaining free
protein in the gels (Fig. 4c). In the unmodified gel, 7.9 ± 0.8% of free
CNTF-SH3 was detected, enabling us to account for 88.5 ± 9.0% of the
initial amount of encapsulated protein. In the modified HAMC-peptide,
however, the unbound fraction of the remaining CNTF-SH3 appeared to

Fig. 2. Optimization and characterization of the HAMC thermogel for the affinity-release strategy. a) Maximum swelling characterization of various formulations of
hyaluronan and methylcellulose (HAMC) at 37 °C, distinguishing between increases in mass: 1–2 fold increase (green), 2–3 fold increase (orange) and 3–4 fold
increase (red). b) Stability study of various HAMC formulations at 37 °C, with HA concentration fixed to 1% (w/v). c) Thermogelation evaluation of the optimal
HAMC 1/4, measuring the loss tangent, tan(δ), defined as the ratio of shear loss modulus (G") and shear storage modulus (G'). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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be below the lower limit of detection, suggesting a strong shift of the
equilibrium towards the bound state of the molecule that restricts fur-
ther release.

The bioactivity of released CNTF-SH3 was confirmed using the TF1-
α erythroleukemic cell proliferation assay (Fig. 4d). The normalized
proliferation induction capacity of the release samples showed an initial
bioactivity of approximately 80% relative to that of the fresh protein.
The bioactivity then decreased to 73.1 ± 1.8% at day 4 and to
61.3 ± 3.1% at day 7.

3.4. Intravitreal, affinity-released CNTF is successfully delivered to the
retina

To test the feasibility of intravitreal protein delivery from our
bioengineered hydrogel, intravitreal injections were performed in wild-
type mice. In a preliminary experiment, HAMC was mixed with blue
dye to visualize the gel, showing successful injection in a mouse vitr-
eous (Fig. 5a). Each of the following formulations was injected into the
vitreous (1 μL): HAMC-peptide/CNTF-SH3, CNTF-SH3 alone, HAMC-
peptide vehicle alone, commercial hCNTF alone or PBS. All CNTF
groups were tested at a protein concentration of 250 μgmL−1, which is
a typical CNTF concentration delivered to the eye [43,44]. qPCR was
performed on retinal tissues from days 1 and 7 post-treatment, where
the transient upregulation of Stat-1 and Stat-3 genes and down-
regulation of phototransduction transcripts (e.g., rhodopsin, S-opsin, M-
opsin, Gnat 1 and 2) were evaluated (Fig. 5b). One day following
treatment, HAMC-peptide/CNTF-SH3, CNTF-SH3 and hCNTF groups all
showed a significant increase in Stat1 and Stat3 expression compared to
the PBS control, along with the expected downregulation of all photo-
transduction transcripts. After 7 days, all Stat1, Stat3 and

phototransduction transcript levels essentially returned to baseline le-
vels, with statistically significant changes observed for rhodopsin, S-
opsin, M-opsin Gnat-1 and Gnat-2 for CNTF samples; however, since the
differences are small, their biological significant remains unclear.

The effect of CNTF-SH3 was further corroborated by western blot
(Fig. 5c). After one day, expression levels of phospho-Stat3 increased in
HAMC-peptide/CNTF-SH3, CNTF-SH3 and hCNTF, confirming the
bioactivity of released CNTF-SH3 in vivo. At day 7, the expression of
phospho-Stat3 decreased in all groups, with only minimal expression
observed in HAMC-peptide/CNTF-SH3 and hCNTF treated mice.

At 7 days after injection, retinas from each group were analyzed by
immunohistochemistry for Cone arrestin and GFAP for the cone pho-
toreceptors and Müller glia, respectively (Fig. 5d). The retinal structure
was preserved and the outer nuclear layer (ONL) thickness maintained
after treatment.

4. Discussion

Intravitreal affinity-based release constitutes an interesting, yet
unexplored, alternative to conventional bolus intravitreal injection for
protein delivery to the retina. Bolus delivery can cause an increase in
intravitreal pressure and infusion pumps are prone to infection [45],
necessitating a slow release formulation. While most local delivery
systems for similar applications have simply reproduced natural inter-
actions by incorporating ECM components (e.g., heparin) or their
binding domains, we designed a more specific and tunable affinity by
bioengineering both protein and scaffold to tailor release profile.

We showed that the thermogel swelling properties are consistent
with the structures of the two mixed polysaccharides, reflecting the
hydrophobicity of MC, which enables physical crosslinks, and the

Fig. 3. Characterization of the CNTF-SH3 fusion protein expression and stability. a) SDS-PAGE of recombinantly expressed CNTF-SH3 from E.coli, after successive
purifications by nickel affinity column and flash protein liquid chromatography. b) Mass spectrum of the purified CNTF-SH3. c) In vitro evaluation of the bioactivity
of CNTF-SH3, using TF1-α erythroleukemic cell proliferation assay. Various concentrations of the recombinant CNTF-SH3 protein (1, 10 and 100 ngmL−1) were
tested for cell proliferation, and compared to similar concentrations of commercially available CNTF. Using PrestoBlue, cell metabolic activity was measured as a
proxy for cell proliferation. The metabolic activity is expressed as fold change relative to time zero, shown as mean ± standard deviation (n=3 biological re-
plicates; one-way ANOVA, *p < .05, **p < .01 ***p < .001). d) Thermal stability of CNTF vs CNTF-SH3, measured by static light scattering (SLS), showing
melting temperatures (Tm) as indications of protein domain unfolding. e) Stability of released CNTF-SH3 over time measured by CNTF ELISA.
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hydrophilicity of HA, which results from the negative charges of its
carboxylate groups at physiological pH. Notwithstanding the swelling
behaviour of HA, it is crucial in the design of our intravitreal hydrogel
as it possesses unique anti-inflammatory properties [46], is a major
component of the vitreous humor [47,48], and its high molecular
weight increases the viscosity of the injectable material, thereby en-
hancing gelation while preventing backflow upon injection. Interest-
ingly, our rheometry experiments reveal that the tan(δ) of HAMC 1/4
increases from 4 to 25 °C, reflecting the typical thermogelation property
of HMW HA [49] and suggesting that the lowest viscosity for ease of
injection is close to room temperature. Together our results demon-
strate that HAMC 1/4 is a minimally-swelling, yet stable, hydrogel, with
an inverse thermogelation temperature matching body temperature.

Using a series of concentrations relevant for in vivo delivery [7,44],
CNTF-SH3 demonstrated similar bioactivity to commercial CNTF. Our
experiments also show, for the first time, the successive unfolding of
each domain of an SH3-containing fusion protein, confirming that the
structures of both domains are maintained upon recombinant expres-
sion. A melting temperature of 75 °C is in good agreement with the
reported high denaturation temperature of various SH3 domains at
physiological pH, in the range of 60–80 °C [50,51], further supporting
these findings. More importantly, both CNTF and CNTF-SH3 are ther-
mally stable at body temperature (37 °C), which makes them suitable
for prolonged release in vivo. Together with the CNTF-SH3 stability
study in release conditions, the bioactivity of CNTF-SH3 released
samples revealed initial, partial protein degradation, likely due to un-
folding and/or aggregation from the processing (mixing and repeated
freeze/thawing). Most importantly, this highlights that ≥70% of the
protein molecules remain intact, are available for release, and maintain

their bioactivity over at least one week.
The SH3 affinity-based release strategy has been applied for the

delivery of various factors [36,38,52], with repeated optimization of
both peptide and protein concentrations. The present study used a
published mathematical model [37] to achieve the desired release
profile of CNTF-SH3 in 7 days; however, a release plateau was observed
after 7 d, reflecting a limitation of this affinity-based release system.
These results are consistent with previous release studies, where, for
example, the release of fibroblast growth factor 2-SH3 (FGF2-SH3) was
limited to 44.2% [36], and that of chondroitinase ABC-SH3 (ChABC-
SH3) plateaued at approximately 50% [38]. Given our inability to de-
tect free protein in the dissolved HAMC-peptide gels after the 7-day
release study, it is likely that there was a shift in equilibrium to the
bound state during the CNTF-SH3 release study. The present system
used a lower protein concentration (0.77 μM vs 4.56 μM) and a higher
peptide concentration (1907 μM vs 456 μM) than previous studies; yet,
a similar release profile was observed. The similar release profile con-
firms the model prediction that the time scale of release is independent
of the protein concentration in the controlled release regime. With a
tested protein-to-peptide ratio of 2477:1 vs 100:1 in previous studies,
these results also demonstrate that the release is independent of pro-
tein-to-peptide ratios. Using a theoretical peptide density to success-
fully sustain the release of CNTF-SH3 from a thermogel demonstrates
the power of mathematically designing materials for controlled release,
allowing us to bypass trial and error optimization. The effective release
of an arbitrary concentration of protein also confirmed that, under the
appropriate regime of protein release, this affinity release is in-
dependent of protein concentration.

To test the feasibility of intravitreal protein delivery from our

Fig. 4. Evaluation of the controlled release and bioactivity of CNTF-SH3. a) Cumulative release of CNTF-SH3 from unmodified HAMC vs SH3-binding peptide-
modified HAMC (n=3, mean ± standard deviation). b) Fickian diffusion phases from release profiles in (a). The slopes, K1 and K2, are proportional to apparent
protein diffusivity through the gel. (n= 3, mean ± standard deviation). c) Quantification of free protein remaining in unmodified HAMC vs peptide-modified
HAMC, comparing theoretical amounts calculated from release profile (dashed borders) to experimental amounts measured by ELISA (solid fill). N.D. = not detected.
d) In vitro evaluation of the bioactivity of released CNTF-SH3, using a TF1-α erythroleukemic cells proliferation assay. Released samples were concentration-matched
to 10 ngmL−1. Using PrestoBlue, the cell metabolic activity was measured as a proxy for cell proliferation. The metabolic activity is expressed as fold change relative
to fresh protein (n=3; mean ± standard deviation). Statistical significance was determined using a Student's t-test when applicable. n.s – not significant, * p < .05,
** p < .01, *** p < .001.
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bioengineered hydrogel, intravitreal injections were performed in mice.
We chose to study local, sustained release of CNTF because of the nu-
merous studies showing tissue and functional benefit in pre-clinical
models where CNTF transiently downregulates the visual cycle and
thereby slows down retinal degeneration [7,43,53,54]. Too much CNTF
may lead to temporary vision loss, which argues against bolus injection
and for sustained release within a therapeutic window [44]. Tests on a
disease model with recovery evaluation would be ideal; however, an-
esthesia, intravitreal injection and light exposure during surgical mi-
croscopy provoke corneal opacification and different grades of cataracts
[55–59], rendering visual function tests, such as electroretinography,
extremely difficult. Therefore, we used wildtype mice as they are
commonly used to unambiguously measure CNTF biological
[44,53,54,60].

The newly designed CNTF-SH3 is bioactive in vivo, showing

expected upregulation of Stat1 and Stat3 expression and down-
regulation of all phototransduction transcripts. Importantly, the in vivo
bioactivity of released CNTF-SH3 is similar to that of commercial
hCNTF, corroborating the in vitro results, and demonstrating, for the
first time, both the successful intravitreal release of a protein from an
affinity-based hydrogel, and its delivery from the vitreous to the retina.
Further investigation by western blot showed increased expression le-
vels of phospho-Stat3 in HAMC-peptide/CNTF-SH3, CNTF-SH3 and
hCNTF, in agreement with the reported mechanism of action of CNTF
[54,61].

After 7 days, Stat1/3 and phototransduction transcript levels re-
turned to baseline, along with the decrease in phospho-Stat3 expres-
sion, which is indicative of the reversibility of the CNTF mechanism on
the retina, as previously shown [44,54]. The lack of a prolonged effect
from the affinity released CNTF-SH3 may be due to limited protein

Fig. 5. In vivo evaluation of CNTF-SH3 intravitreal release from HAMC, compared to PBS, HAMC, CNTF-SH3 alone and commercial human CNTF. a) Fundus
photograph of intravitreal injection of 1 μL of a blue-stained HAMC during the delivery in an albino mouse eye. b) Evaluation by qPCR of the transient effects of
CNTF-SH3 delivery on the expression of Stat1, Stat3, and various phototransduction genes (rhodopsin, S-opsin, M-opsin, Gnat 1 and Gnat 2) relative to PBS injected
eyes. c) Immunoblotting evaluation of the transient upregulation of Stat3 phosphorylation upon CNTF-SH3 delivery, using GAPDH as the housekeeping protein. d)
Immunohistochemical analysis of retinal tissues from each group tested, 7 days post-treatment, staining for Hoechst (nuclei, blue), Cone arrestin (Carr for cone
photoreceptors, green) and glial fibrillary acidic protein (GFAP for astrocytes/glia, red). n.s. – not significant, *p < .05, **p < .01, ***p < .001. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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availability at 7 days. While the in vitro data show bioactive CNTF at
day 7, only 50% of the total loaded protein can be accounted for,
suggesting that insufficient protein was released to the retina to achieve
biological effect at 7 days. Possible discrepancies in release profile and
degradation rate between in vitro and in vivo experiments could also
explain our findings.

Surprisingly, the delivery of HAMC-peptide alone noticeably in-
creased Stat1 and Stat3 expression levels, and upregulated Stat3
phosphorylation. This, however, did not affect the phototransduction
transcript levels. By increasing the phospho-Stat3 expression without
downregulating the visual cycle gene expression, the HAMC-peptide
control data highlight the necessity of activating of other pathways,
such as MAPK/ERK and PI3K-AKT, to promote neuronal survival
[61–64]. The unexpected bioactivity of the delivery vehicle alone
suggests that the scaffold and therapeutic can act synergistically to
induce positive cell responses and regeneration. Unmodified HAMC
0.5/0.5 was previously tested for subretinal injection [65], where it too
showed a biological benefit of pro-survival to transplanted cells through
a CD44-mediated mechanism.

CNTF has repeatedly been reported to induce transient photo-
receptor outer segment shortening [7,44,54]. While we did not observe
this phenomenon, the ONL thickness was preserved 7 days after CNTF-
SH3 treatment and photoreceptor gene expression was reversible after
CNTF-SH3 delivery, indicating long-term effective restoration of pho-
toreceptor morphology. Moreover, the multi-step chemistry developed
for peptide immobilization to HAMC was safe and compatible with
intravitreal injections. While beyond the scope of this study, the in-
travitreal protein release system will be tested in the future in disease
models (e.g., rd1, rd10 rodent models) [66,67].

Importantly, our hydrogel-based delivery system is a platform
technology that has been tested in vitro with IGF-1, FGF2 and in other
models of disease for chABC [36,38,52,68]. Herein, we demonstrate not
only in vitro, but in vivo release of CNTF, emphasizing the versatile
nature of the SH3-fusion protein / SH3 binding peptide-modified hy-
drogel system for local, sustained release. We can extend this platform
technology to other proteins of interest [69–72], specifically where
sustained release for 1–2weeks is beneficial.

5. Conclusions

We report the first demonstration of intravitreal protein release
from a hydrogel and the first example of intravitreal affinity-based re-
lease with bioactive CNTF-SH3 to the retina. Using a mathematical
model to predict release, we show sustained release of bioactive CNTF-
SH3 for 7 d in vitro. We demonstrate the safety of the delivery system
for intravitreal delivery, opening an entirely new route for hydrogel-
based, intravitreal protein delivery.
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