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Abstract

Glaucoma is a common blinding disease characterized by loss of retinal ganglion cells (RGCs). To
date, there is no clinically available treatment directly targeting RGCs. We aim to develop an
RGC-targeted intraocular drug delivery system using unimolecular micelle nanoparticles
(unimNPs) to prevent RGC loss. The unimNPs were formed by single/individual multi-arm star
amphiphilic block copolymer poly(amidoamine)—polyvalerolactone—poly(ethylene glycol)
(PAMAM-PVL-PEG). While the hydrophobic PAMAM-PVL core can encapsulate hydrophobic
drugs, the hydrophilic PEG shell provides excellent water dispersity. We conjugated unimNPs with
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the cholera toxin B domain (CTB) for RGC-targeting and with Cy5.5 for unimNP-tracing. To
exploit RGC-protective sigma-1 receptor (S1R), we loaded unimNPs with an endogenous S1R
agonist dehydroepiandrosterone (DHEA) as an FDA-approved model drug. These unimNPs
produced a steady DHEA release in vitro for over two months at pH 7.4. We then co-injected
(mice, intraocular) unimNPs with the glutamate analog N-methyl-D-aspartate (NMDA), which is
excito-toxic and induces RGC death. The CTB-conjugated unimNPs (/.e., targeted NPs)
accumulated at the RGC layer and effectively preserved RGCs at least for 14 days, whereas the
unimNPs without CTB (/.e., non-targeted NPs) showed neither accumulation at nor protection of
NMDA-treated RGCs. Consistent with S1R functions, targeted NPs relative to non-targeted NPs
showed markedly better inhibitory effects on apoptosis and oxidative/inflammatory stresses in the
RGC layer. Hence, the DHEA-loaded, CTB-conjugated unimNPs represent an RGC/S1R dual-
targeted nanoplatform that generates an efficacious template for further development of a
sustainable intraocular drug delivery system to protect RGCs, which may be applicable to
treatments directed at glaucomatous pathology.

Graphical abstract
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Schematic: Intraocular drug delivery system using nanoparticles targeting retinal ganglion cells
(RGCs).

CTB: non-toxic cholera toxin B domain.

unimNP: unimolecular micelle nanoparticle
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1. INTRODUCTION

Glaucoma is the most common cause for irreversible blindness worldwide. While high
intraocular pressure is considered the major risk factor for causing optic nerve damage, it is
the death of retinal ganglion cells (RGCs) that manifests visual field deficits[1]. Current
treatments for glaucoma focus on reducing the intraocular pressure. However, these methods
can provide temporary relief and are not always effective at attenuating neurodegeneration.
There is no clinical modality to treat glaucoma by directly targeting RGCs to protect them
from degeneration.

Ample /n vitro[2-6] and in vivo[7-10] evidence indicates that the sigma-1 receptor (S1R) is a
potential intervention target for the prevention of RGC death. S1IR was discovered to be a
ligand-operated chaperone, and when activated, is generally pro-survival[11]. A long-held
mystery in its binding with diverse natural and synthetic ligands was rationalized by the
newly reported crystal structure of this protein [12]. The S1R agonist (+)-pentazocine
reduced RGC loss in a mouse model of diabetic retinopathy[8] and in primary cultures of
RGCs exposed to excitotoxins[3], while S1R knockout mice exhibit greater RGC loss versus
wild type control in a model of acute optic nerve damage[7]. Most recently, an anti-
inflammatory function of S1R activation was also found in retinal macroglial and microglial
cells[13-15]. Taken together, these studies suggest that S1R protects RGCs’ viability by
alleviating oxidative stress, excitotoxicity, ER stress, and/or inflammation.

Despite numerous reports demonstrating a neuro-protective role of S1R, there have been a
lack of investigations with a focus specifically on therapeutic methods exploiting the neuro-
protective potential of S1R in the retina. Some high-affinity S1R ligands (e.g., pentazocine,
PRE084, and SKF10047) are often used for mechanistic studies, but they are not approved
for human use. Dehydroepiandrosterone (DHEA), a neurosteroid, is an endogenous
compound identified as a S1R agonist[16, 17]. Importantly, it is also an FDA-approved drug.
A recent report indicates that DHEA protects retinal neurons by alleviating
excitotoxicity[18], consistent with earlier studies showing that DHEA, via S1R, protects the
retina from damage in a ischemia/reperfusion model[17, 19]. Thus DHEA is a promising
therapeutic for retinal protection.

As every drug has off-target effects at certain concentrations, systemic delivery is often
associated with complications caused by side effects. Intraocular injection is a standard
clinical practice. But this invasive treatment is accompanied with risks such as bleeding,
pain, infection, and retinal detachment[20]. An intraocular delivery method enabling
prolonged drug release would reduce the required frequency of injections and hence the
associated risks.

Nanoparticles (NPs) are an effective platform for drug delivery[21]. Nanomedicine has
exhibited a great deal of versatility and is being used to treat a variety of disease conditions,
especially cancer. Several groups have used NPs for intraocular drug delivery and shown
protective effects for the retina [22-24]. However, a key obstacle remains unsolved. As
drug/NPs are diluted in the vitreous and quickly cleared out of the eye, drug efficacy and
durability can be adversely compromised. To overcome this problem, in the current study,
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we conjugated NPs with the RGC-targeting cholera toxin B domain (CTB) so that NPs could
be sequestered and accumulated at the RGC layer. CTB binds to GM1 ganglioside, which is
highly enriched on the RGC surface, and then undergoes internalization. As such,
fluorescent CTB has been recently established as an RGC tracer which shows little (if any)
labeling of non-neuronal tissues[25-28]. We engineered a unique NP—/.e., unimolecular
micelle NP (unimNP) as shown in Figure 1A—that offers excellent /n vivo stability, versatile
bioconjugation, and prolonged drug release[29-36]. Using DHEA as a model drug loaded in
CTB-conjugated unimNPs (/.¢e., targeted NPs) and an RGC excitotoxicity model, we tested
the efficacy of an RGC-targeted intraocular drug delivery strategy. We found that targeted
NPs are more efficacious than non-targeted NPs in preventing RGC loss. This intraocular
drug delivery nanoplatform reconciles the benefits of targeted NPs and the neuroprotective
function of S1R.

2. MATERIALS and METHODS

2.1 Materials

Poly(amidoamine) (PAMAM, ethylenediamine core; G4) dendrimer, valerolactone (VL),
tris(2—carboxyethyl)—phosphine (TCEP), stannous (I1) octoate (Sn(Oct),), and FITC-cholera
toxin B (CTB) were purchased from Sigma—Aldrich (St. Louis, MO, USA). Cy5.5 dye was
obtained from Lumiprobe Corporation (Hallandale Beach, FL, USA). The
heterobifunctional poly(ethylene glycol) (PEG) derivatives, methoxy—-PEG-COOH (mPEG-
COOH, M, =5 kDa), maleimide-PEG-COOH (Mal-PEG-COOQOH, M, = 5 kDa), and
COOH-PEG-NH; (M, = 5 kDa), were purchased from JenKem Technology (Allen, TX,
USA). 2-Iminothiolane (Traut's reagent), 4—Dimethylamino pyridine (DMAP) and 1,3-
dicyclohexylcarbodiimide (DCC) were purchased from Thermo Fisher Scientific (Rockford,
IL, USA) and used without further purification. Other reagents were purchased from Thermo
Fisher Scientific (Fitchburg, WI, USA).

2.2 Synthesis of PAMAM-PVL-OH

PAMAM-OH (10 mg, 0.7 umol), VL (138 mg, 1.4 mmol), and Sn(Oct), (0.57 pg, 1.4 pmol)
were added into a two-neck flask. The reaction was carried out at 120 °C for 24 h under
argon. The resulting mixture was dissolved in THF and the solution was added dropwise into
methanol to yield pale yellow precipitates. The final product PAMAMA-PVL-OH was
dried under vacuum.

2.3 Synthesis of Cy5.5-PEG—-COOH

Cy5.5-NHS (5 mg, 7 pmol) and NHo—PEG-COOH (29 mg, 5.8 umol) were dissolved in 5
mL DMF. Triethylamine (TEA) was used, as reported previously[4-6], to adjust the pH of
the solution to 8-8.5. The reaction was carried out at room temperature under dark for 24 h.
The resulting reaction solution was added dropwise into cold ethyl ether and the precipitates
were recrystallized in hot 2—propanol. The final product was dried under vacuum.

2.4 Synthesis of PAMAM—-PVL-PEG—-OCHS53/Cy5.5/Mal

PAMAM-PVL-PEG-OCHj3/Cy5.5/Mal was synthesized by reacting PAMAM-PVL-OH
with mPEG-COOH, Cy5.5-PEG-COOH, and Mal-PEG-COOH in 10 mL of DMF in the
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presence of DCC and DMAP. The molar ratio of reactants (PAMAM-PVL-OH:mPEG-
COOH:Cy5.5-PEG-COOH:Mal-PEG-COOH:DCC:DMAP) was set at 1:48:3:12:70:7. The
reaction was carried out at room temperature for 48 h and the by—product,
dicyclohexylcarbodiurea, was removed by filtration. The resulting solution was added
dropwise into 10 fold of cold diethyl and the impurities were removed by dialysis against DI
for 48 h using cellulose tubing (molecular weight cut-off, 15 kDa). The resulting polymer
PAMAM-PVL-PEG-OCH3/Cy5.5/Mal was freeze—dried.

2.5 Preparation of DHEA-loaded unimNPs (non-targeted NPs)

The DHEA-loaded unimNPs were prepared using a dialysis method. Briefly, PAMAM-
PVL-PEG-OCH3/Cy5.5/Mal (20 mg) and DHEA (5 mg) were dissolved in 3 mL of DMSO.
Thereafter, 9 mL of DI water were added dropwise into the solution under constant stirring.
The resulting solution was stirred for 4 h and the organic solvent and unloaded drug were
then removed by dialysis against DI water using cellulose tubing (molecular weight cut-off,
15 kDa) for 48 h. The final DHEA-loaded unimNPs were dried under lyophilization.

2.6 Synthesis of CTB-conjugated and DHEA-loaded unimNPs (DHEA-loaded CTB-
unimNPs, i.e., targeted NPs))

Cholera toxin B (CTB) was first reacted with Traut’s agent to generate the functional thiol
group for further conjugation. Briefly, CTB and Traut’s agent (molar ratio: 1:10) were mixed
in PBS for 4 h at 4 °C. DHEA-loaded unimNPs were then added into this solution and the
resulting reaction mixture was stirred for another 16 h. Thereafter, the impurities were
removed by dialysis against DI water for 24 h using cellulose tubing (molecular weight cut-
off, 100 kDa). The final product was obtained after lyophilization.

2.7 Characterization

1H NMR spectra of all polymer products were recorded on a Varian Mercury Plus 300
spectrometer in CDCl3 or DMSO-dj;. Fourier transform infrared (FT-IR) spectra were
recorded on a Bruker Tensor 27 FT—IR spectrometer. Molecular weights (M, and M,,) and
polydispersity indices (PDI) of the polymers were determined by gel permeation
chromatography (GPC) equipped with a refractive index detector, a viscometer detector, and
a light scattering detector (Viscotek, USA). DMF with LiBr (0.1 mmol/L) was used as a
mobile phase with a flow rate at 1 mL/min. The morphologies of the unimNPs were
determined by dynamic light scattering (DLS, ZetaSizer Nano ZS90, Malvern Instrument,
USA) and transmission electron microscopy (TEM, FEI Tecnai G2 F30 TWIN 300 KV, E.A.
Fischione Instruments, Inc. USA). The DHEA loading level, defined as the weight
percentage of DHEA in the DHEA-loaded unimNPs, was measured by high-performance
liquid chromatography (HPLC) using ultraviolet (UV) detection at 210 nm at 40 °C[37].
Water and acetonitrile (v/v=7/3) at a constant flow rate of 1 mL/min was used as a mobile
phase.

2.8 Determination of in vitro drug release profiles

The /n vitro DHEA release profiles from DHEA-loaded unimNPs, either without CTB (non-
targeted NPs) or with CTB (targeted NPs), were determined at pH 7.4 in PBS buffer as well

J Control Release. Author manuscript; available in PMC 2018 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al.

2.9 Animals

Page 7

as at pH 5.3 in an acetate buffer solution (ABS). Release was performed and quantified
following our published method[38]. Briefly, DHEA-loaded unimNPs in the medium buffer
(1 mg/mL, 5 mL) were enclosed in a cellulose membrane dialysis bag (molecular weight
cut—off, 15 kDa). The dialysis bag was immersed in 50 mL of the release medium, which
was then kept in a horizontal laboratory shaker (100 rpm) at a constant temperature of 37°C.
At predetermined time intervals, samples of 3 mL were collected and replaced with fresh
media of the same volume. Amounts of DHEA in the collected samples were measured by
HPLC as described above in Section 2.7.

All animal procedures conformed to the NIH Guide for the Care and Use of Laboratory
Animals and were in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Animal protocols were approved by the Institutional
Animal Care and Use Committee at the University of Wisconsin—Madison (protocol#
M02102). All surgeries were performed under isoflurane anesthesia (through inhaling, flow
rate 2 ml/min). Animals were euthanized in a chamber gradually filled with CO,. C57BL/6
mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were
maintained on a 4% fat diet (8604 M/R, Harkland Teklad, Madison, WI) and subjected to
standard light cycles (12 h/12 h light/dark). Both male and female mice in the age range of
postnatal days 30-60 were used in experiments.

2.10 Intravitreal injection of NMDA and test agents

Intravitreal injection of NMDA is a widely used model of induced RGC death[39]. Animals
were classified into four groups (at least 6 mice in each). In group 1, vehicle control (DMSO
in PBS) was injected with a Hamilton syringe into one eye, and NMDA (from a DMSO
stock) dissolved in PBS was injected into the contralateral eye of the same mouse. In group
2, a mixture of NMDA and non-targeted NPs was injected into the left or right eye
(randomly assigned) of a mouse. In group 3, a mixture of NMDA and targeted NPs was
injected into the the left or right eye. In group 4, a mixture of NMDA and empty NPs (CTB-
unimNPs without DHEA) was injected into the left or right eye. Injection was performed as
previously described[40]. The total volume of each injection was 2 pL, containing 0.5 pg
DHEA and 2 pg unimNP, and/or 40 mM NMDA. These intravitreal injection experiments
were repeated at least three times.

2.11 Preparation of retinal cryosections and whole mounts

Cryosections were prepared according to our published method[41]. At various time points
after injection, animals were euthanized by CO, asphyxiation followed by cervical
dislocation. Eyeballs were marked in the superior portion with a cautery, enucleated
immediately and dissected to remove the anterior segment. Eyecups were fixed in 4%
paraformaldehyde for 7 h, and then cryoprotected in 30% sucrose in PBS for another 14 h,
all at 4 °C. Cryosections of 10 um each were cut through the optic nerve in the superior-
inferior plane of the eyecups frozen in the optimum cutting temperature (O.C.T.) embedding
medium (Sakura Finetek 4583, Sakura Finetek USA, Inc., Torrance, CA), and used for 4’ ,6-
diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) staining, immunostaining, or
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terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), as described in the
following sections.

Whole mounts were prepared as previously described[40]. Eyeballs of euthanized mice were
marked in the superior portion, enucleated, and fixed in 4% paraformaldehyde for 1h. After
rinsing in PBS, eyecups were generated, and retinas were dissected out and placed with the
ganglion cell layer (GCL) facing up onto a Superfrost Plus slide (Thermo Fisher Scientific).
Four additional relaxing cuts were made to allow the retina to lay flat. The whole mounts
were used for BRN3A and DAPI staining and then thoroughly rinsed in PBS before being
covered with Immu-mount (Thermo Fisher Scientific), coverslipped and stored at 4°C in the
dark.

2.12 Nuclei counting in the RGC layer on vertical sections and on whole mounts

Cell counting on vertical sections—A cell in the RGC layer with a round or oval
nucleus with minimal appearance of condensed heterochromatin and at least one prominent
nucleolus was considered a neuron[39]. The number of neurons was evaluated by counting
DAPI-stained nuclei following our published method with minor modifications[42]. Briefly,
on each sagittally oriented section, the regions of 0—1000 pm and 1000-2000 pm from the
optic nerve head were designated as central and mid-peripheral, respectively. Neuronal
nuclei were manually counted in each (500 um length of retina) of the four fields chosen in
the central and mid-peripheral regions of the RGC layer flanking the optic nerve head. The
counts from all 3-4 sections of the same animal were averaged, and the means from 6-9
animals were then averaged to calculate the mean and SEM for each group of animals.

Cell counting on whole mounts—Counting was performed based on our previous
publication[43] with minor modifications. Images were captured on the four wholemount
sections generated by 4 relaxing cuts, and nuclear counts were obtained from 12 distinct
fields (0.09 mm?2)(see Figure S1) for each retina and averaged together. Only rounded nuclei
with at least one nucleolus, typical of both RGCs and amacrine cells in this layer, were
included in the counts. Endothelial cells exhibiting elongated nuclei and no nucleolus, and
densely staining astrocytes were excluded.

2.13 Immunohistochemistry and fluorescence microscopy

Immunostaining was performed on cryosections following our previously described
method[41] with minor modifications. Briefly, retinal sections were permeabilized with 1%
Triton X-100 in PBS for 20 min, blocked with 10% normal goat serum (Cat#71-00-27;
Kirkegaard & Perry Laboratories, Gaithersburg, MD) for 2 h at room temperature, and then
incubated with a primary antibody overnight at 4°C. Sources and dilutions of primary
antibodies were as follows: Mouse anti-BRN3A (Millipore, Cat. #MAB1585), 1:50; rabbit
anti-IBA1 (Waco, 019-19741), 1:400; mouse anti-GFAP (Millipore, MAB3402), 1:100; and
rabbit anti-pPERK (Thr981) (Santa Cruz, sc-32577), 1:100. After rinsing the section 3x, a
secondary antibody (Alexa-488 conjugated goat-anti-rabbit or Alexa-594-conjugated goat-
anti-mouse) at 2 pg/ml was applied at room temperature for 2 h. Sections were then rinsed
3x, counterstained with DAPI for 5 min, and then mounted in Prolong Gold mounting
medium (Invitrogen, Carlsbad, CA) and cover-slipped. The slides were left in the dark
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overnight and then sealed using clear nail polish (Electron Microscopy Sciences, Hatfield,
PA). Images were then taken with a Nikon Eclipse Ti microscope with a DS-Qil camera
using x10 or x40 objective lenses and analyzed by Nikon Elements software. For
quantification of immunofluorescence intensities, areas of GFAP, IBA-1, and pPERK
immunopositivity were derived by thresholding images (Image J) captured under uniform
imaging conditions and expressed as a fraction of the area of the chosen field (500 pm
retinal length) across the INL/GCL region. Images of immunostaining without a primary
antibody were used as background control of thresholding.

Wholemount immunostaining for BRN3A was performed as previously described[44], with
minor modifications. Briefly, fixed eyecups were incubated in PBS containing 0.5% Triton-
X100 and 2% donkey serum (Jackson ImmunoResearch, Inc.) for 1.5 h at room temperature.
They were then transferred into the same buffer containing primary antibody overnight at
4°C. The eyecups were thoroughly rinsed in PBS with 0.5% Triton-X100, and then fixed for
an additional 10 minutes in 4% paraformaldehyde. Eyecups were rinsed in PBS and whole
mounted onto Fisher Plus slides, and then incubated in 0.5% Triton-X100 and 2% donkey
serum with 1:500 secondary antibody (Jackson ImmunoResearch) for 2 h at room
temperature. The whole mounts were rinsed in PBS and stained with 300 ng/ml DAPI for 5
minutes at room temperature. After a final wash with PBS, the slides were coverslipped with
Immu-Mount and used for fluorescence microscopy.

2.14 TUNEL assay

Assays were performed using an /n situ cell death detection kit (Roche, Indianapolis, IN,
USA) following our published method[45]. Frozen retinal sections were stained with the kit
to assess DNA fragmentation as an indicator for dying cells. For quantification, 3—4 sections
from each animal were used, and on each section, three fields (each of 500 pm retinal
length) in the central, middle, and peripheral regions were imaged for counting of TUNEL-
positive cells. This was a binary decision. Cells were either positive or negative. The counts
from all sections of the same animal were averaged, and the means from 6-9 animals were
then averaged to generate the mean and S.E. for the group of animals.

2.15 Quantitative real-time PCR (qQRT-PCR)

Retinas were isolated at various time points after injection and RNA was extracted using
Trizol (Qiagen, Valencia, CA), as described previously[46]. Purified mRNA (1 ug) was used
for the first-strand cDNA synthesis using an iScript cDNA synthesis kit (Bio-Rad) and
quantitative RT-PCR was performed using the 7500 Fast Real-Time PCR System (Applied
Biosystems, Carlshad, CA). Each cDNA template was amplified in triplicate using SYBR
Green PCR Master Mix (Applied Biosystems, Carlsbad, CA). Transcript quantification was
based on standard curves of each target amplimer to determine absolute transcript quantities,
and normalized to GAPDH. Cycling conditions were 95°C (15 seconds) and 60°C (60
seconds) for 40 cycles with a dissociation step. Primer sequences are presented in Table S1.
All primers crossed at least one intron/exon boundary[42, 47], and all amplimers were
sequenced to confirm identity.
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2.16 Statistical analysis

The required sample sizes in animal experiments were calculated based on estimates of
mean differences, variances, and power. Data of cell counting, immunohistochemistry,
TUNEL assay, and RT-PCR were analyzed using ANOVA (OriginLab, Northampton, MA).
Significance was set at < 0.05. In all graphical representations, the error bars indicate
standard error of the mean (SEM).

3. RESULTS

3.1 Synthesis and characterization of multi-arm star amphiphilic block copolymer PAMAM-
PVL-PEG-Cy5.5/CTB

A schematic of the final targeted NP is shown in Figure 1A. Figure 1B shows the synthetic
scheme of the multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG-Cy5.5/
CTB. First, PAMAM-PVL-OH was prepared by ring-opening polymerization of the VL
monomer using PAMAM-OH (41" generation) dendrimer as the macroinitiator. The 1H
NMR spectrum shown in Figure 1C confirmed the chemical structure of the PAMAM-PVL-
OH polymer. The peaks at (a) 1.65 ppm, (b) 2.36 ppm, and (c) 4.12 ppm were attributed to
the protons in the PVVL main chains. The signal at (¢”) 3.65 ppm corresponding to the
terminal methine protons of PVL could also be identified. The peaks ranging from 2.55 to
3.45 ppm were ascribed to the PAMAM core of PAMAM-PVL-OH. The FT-IR spectrum
analysis (Figure S2 in the supporting information) also confirmed the successful synthesis of
PAMAM-PVL-OH. The peaks at 1542 cm™! and 1648 cm™1 were assigned to N-H bending
and C=0 stretching of the amide bonds of PAMAM, respectively. The peak located at 1720
cm~1 was ascribed to the ester bonds of the PVL arms. According to the H NMR spectrum,
the average number of repeat units of the PVVL arms was calculated to be 26 based on the
intensity ratio of the peaks at (c) 4.12 ppm and (c’) 3.65 ppm. Based on Eq. 1, the average
number of arms (# arm) per PAMAM-PVL-OH was determined to be 33 by comparing the
molecular weights of PAMAM-OH and PMAMA-PVL as measured by gel permeation
chromatography (GPC) (Table 1).

#arm: (‘Z\/‘[nPAMAI\[—P\r’L—OH - ‘Z\"/[nPAMAM—OH> /MnPVL Eq 1

In the next step, three types of hydrophilic PEG—namely mPEG-COOH, Mal-PEG-
COOH, and Cy5.5-PEG—-COOH (synthesized via amidization of Cy5.5-NHS and NHo—
PEG-COOH, H NMR spectrum shown in Figure 1D)—were conjugated to PAMAM-—
PVL-OH via an esterification reaction forming the multi-arm star amphiphilic block
copolymer PAMAM-PVL-PEG-OCHj3/Cy5.5/Mal. The Mal functional groups were used
for further conjugation of the CTB targeting ligand, while the methoxyl groups present in
PEG-OCHS3 were used to control the molar ratio of the Mal groups and Cy5.5 dye molecules
at the surface of the unimNPs, which subsequently controlled the numbers of CTB and
Cy5.5 dye per unimNP. Theoretically, two Cy5.5 dye molecules were conjugated onto each
PAMAM-PVL-PEG-OCH3/Cy5.5/Mal polymer. 1H NMR spectra clearly demonstrated the
formation of PAMAM-PVL-PEG-OCH3/Cy5.5/Mal (Figure 1E). In addition to the peaks of
PVL, a peak at 3.65 ppm was observed due to the protons of the oxyethylene units of PEG.
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The signal located at 7.06 ppm was ascribed to the Mal groups. The characteristic peaks of
Cy5.5 dye were observed around 7.5-8.5 ppm. GPC results further confirmed the successful
synthesis of multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG-OCH3/
Cy5.5/Mal. As shown in Table 1, the molecular weight of PAMAM-PVL-PEG-OCH3/
Cy5.5/CTB was measured to be 252,317 Da, which was significantly larger than that of
PAMAM-PVL-OH (99,450 Da), thus indicating the successful formation of PAMAM-
PVL-PEG-OCH3/Cy5.5/Mal. Similarly, the average number of arms per PAMAM-PVL-
PEG-OCHS3/Cy5.5/Mal was calculated to be 32 based on the molecular weights measured
by GPC. This result is in a good agreement with the previous reports on the number of arms
in PAMAM-based dendritic amphiphilic block copolymers[33] (Eq. 2).

/A[“’PEG

PAMAM-PVL-PEG-OCH3/Cy5.5/Mal PAMAM—-PVL—-OH )

#Harm= (]Wn — Mn Eq. 2

Since CTB is sensitive to organic solvents, and the drug loading process requires the use of
organic solvents, DHEA was encapsulated into the unimNPs before CTB conjugation. The
DHEA-loaded unimNPs were prepared using a standard dialysis method[48] and the DHEA
loading level (defined as the weight percentage of DHEA in DHEA-loaded unimNPs) was
18.6%. In order to conjugate the targeting ligand CTB onto the unimNPs, the active amine
groups (-NH>) on the surface of CTB were first converted into thiols in the presence of
Traut’s agent. Afterwards, the thiolated CTB was conjugated onto the DHEA-loaded
unimNPs via a thiol-Mal click reaction. The molar ratio of DHEA-loaded unimNPs and
CTB was set at 1:2 (2 CTB molecules per unimNP).

3.2 Micellar properties of unimNPs and in vitro DHEA drug release from DHEA-loaded

unimNPs

The multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG can form stable
unimNPs in an aqueous solution. As shown in Figure 1F, the average hydrodynamic
diameter of the unimNPs measured by DLS was 62 nm (PDI = 0.14). The TEM images of
unimNPs presented in Figure 1G showed a clear core—shell structure with an average
diameter of around 34 nm. The different sizes measured by TEM and DLS were due to the
fact that DLS measured the hydrodynamic diameter of the unimNPs, while TEM measured
the diameter of the dehydrated ones.

NPs are typically taken up by cells through an endocytosis process involving endosomes and
lysosomes. While the pH values of extracellular matrix and cytosols are neutral, pH values
inside endosomes and lysosomes range from 4.5 to 6.5. We thus determined the DHEA
release profiles from DHEA-loaded unimNPs at pH 7.4 as well as pH 5.3, a commonly used
condition to mimic the acidic microenvironment of the endocytic compartments [34, 49, 50].
As shown in Figure 1H, sustained drug release was observed at both pH conditions.
Specifically, less than 50% of DHEA was released from the unimNPs after 2 weeks at pH
7.4, while nearly 86% was released at pH 5.3. DHEA was released faster at an acidic
condition, most likely due to the faster degradation of the hydrophobic PVL core via acid-
catalyzed hydrolysis. Significantly, DHEA was released steadily up to 2 months at pH 7.4
(Figure S3). The observed sustainable drug release is desirable, allowing for prolonged
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protective effect on RGCs. Another favorable feature of the targeted NPs is that the CTB
conjugation on unimNPs does not interfere with DHEA release, as evidenced by almost
identical DHEA release profiles from non-targeted and targeted NPs at the same pH (Figure
1H).

3.3 Targeted NPs but not non-targeted NPs are accumulated at the RGC layer after
intravitreal injection

After the micellar properties and drug release profiles of the DHEA-loaded unimNPs were
fully characterized, their RGC-targeting effect was tested /n vivo. Both targeted NPs (i.e.,
DHEA-loaded and CTB-conjugated unimNPs) and non-targeted NPs (i.e., unimNPs loaded
with DHEA but lacking CTB) were tested. Both targeted and non-targeted NPs were
conjugated with Cy5.5 dye, which was used to localize these NPs. To test the RGC
protective effect of the unimNPs, we performed intravitreal injection of N-methyl-D-
aspartate (NMDA), a model widely used to study RGC degeneration and protection[39].
NMDA is a non-hydrolyzable analog of glutamate, which binds NMDA receptors and elicits
excitotoxicity and RGC death. NMDA and non-targeted NPs (control) were co-injected into
the left or right eye (randomly assigned) of one group of mice, while equivalent amounts of
NMDA and targeted NPs were injected into a separate group of age-match mice. At 1, 3, and
7 days post injection, mice were euthanized and retinal sections or whole mounts were
prepared for fluorescence microscopy. As shown in Figure 2A, at 1 day post injection,
intense signals from targeted NPs (Cy5.5, red) were observed at the RGC layer, which co-
localized with CTB (FITC, green). However, in control eyes injected with non-targeted NPs,
the Cy5.5 signal was barely detectable. At 7 days post injection, Cy5.5 fluorescence from
targeted NPs remained strong at the RGC layer, whereas it was not detected in control eyes
injected with non-targeted NPs. Further microscopic analysis (Figure 2B) showed that while
the Cy5.5 label of the targeted NPs (white) over-imposed with the fluorescence of the CTB
targeting ligand (green), it was also in juxtaposition with BRN3A-labeled nuclei. This data
confirms the penetration of targeted NPs into the RGC layer, as BRN3A is a transcription
factor localized in the nucleus that is specifically expressed in RGCs[27]. An overview
(Figure 2C) of Cy5.5 distribution in the entire eye indicated accumulation of targeted NPs
specifically at the RGC layer but at no other tissues in the eye. No accumulation of non-
targeted NPs was observed (Figure S4). To confirm the results from vertical sections, we
also performed whole mount fluorescence imaging. Targeted NPs were consistently found
retained on the RGC side of the whole mounts, whereas much less Cy5.5 fluorescence from
non-targeted NPs were detected (Figure 3A). Moreover, the juxtaposition of targeted NPs to
BRN3A-labeled RGCs suggested efficient RGC targeting by these NPs (Figure 3B).

3.4 Targeted NPs but not non-targeted NPs are able to effectively and durably protect
RGCs from NMDA-induced cell death in the retina

To compare the therapeutic efficacy between targeted NPs and non-targeted NPs,
experiments were performed as described above. Eyeballs were collected at 1, 3, 7, and 14
days post injection, either fixed for preparation of retinal whole mounts and cryosections, or
processed without fixation for retinal tissue homogenates (for quantitative RT-PCR). The
numbers of nuclei counted on retinal whole mounts are presented in Figure 3C and re-
plotted as fold changes in Figure 3D for convenience of comparison. At 7 days post
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injection, while NMDA alone reduced RGCs (BRN3A-positive) to ~10% of vehicle
(DMSO) control, DHEA delivered with targeted NPs preserved the cell number at ~45%
(Figure 3D). In stark contrast, DHEA in non-targeted NPs did not significantly prevent RGC
loss. Similarly, at 14 days, targeted NPs still maintained the cell number at >40%, while
non-targeted NPs did not protect cells from NMDA-induced death. Furthermore, we
confirmed that the protective effect was produced by DHEA, as indicated by the comparison
between targeted NPs (i.e., CTB-unimNPs loaded with DHEA) and empty NPs (i.e., CTB-
unimNPs with no DHEA loaded) (Figure 3, E and F). Namely, CTB-unimNPs per se did not
show an effect on the RGC number, which was ~400 per mm? in mice either injected with
NMDA only (no NPs, Figure 3C) or co-injected with empty NPs (Figure 3F) at day 7 or day
14,

In parallel, we also used a different method, nuclei counting on vertical sections, to estimate
RGC loss and the protective effect of targeted NPs (Figure 4A). The data are replotted in
Figure 4B as fold changes. At 7 days post injection, while NMDA alone reduced the cell
number in the RGC layer to 53% of the vehicle (DMSO) control, DHEA in targeted NPs
preserved the cell number at ~90%. In contrast, DHEA in non-targeted NPs did not have a
statistically significant effect. At 14 days, whereas targeted NPs still maintained a cell
number at >80%; non-targeted NPs did not show a protective effect. As only ~50% of the
RGC layer cells are RGCs[42], a nearly 50% decrease in total cell number suggests that
RGCs were nearly eliminated at 14 days due to NMDA-induced cell death, consistent with
the counting result of BRN3A-positive cells (RGCs) on retinal whole mounts (Figure 3D).

To further confirm the preservation of RGCs by targeted NPs, we used quantitative RT-PCR
to determine expression levels of RGC-selective genes including 7hyZ, Nrni, and Neff46].
The data (Figure 4C) show that while NMDA alone (versus vehicle control) reduced mRNA
levels of the three genes, targeted NPs significantly prevented this reduction. In contrast,
non-targeted NPs did not have a significant effect. The remaining mRNAs of these genes in
NMDA-treated retinas were probably contributed by some non-RGC cells, e.g., Miiller glia
have also been reported to express 7AyZ, especially in injured retinas[51].

We also performed TUNEL assay on retinal sections which measures DNA fragmentation
associated with cell death[1]. As indicated in Figure 5, compared to vehicle control,
intravitreal injection of NMDA increased TUNEL-positive cells by ~20 fold. Meanwhile,
targeted NPs significantly reduced TUNEL-positive cells by more than 50%, whereas the
effect of non-targeted NPs was not statistically significant.

Taken together, the foregoing results indicate that targeted NPs, as an intraocular DHEA
delivery nanoplatform, outperformed non-targeted NPs in protecting RGCs from NMDA-
induced cell death.

3.5 Targeted NPs are more effective than non-targeted NPs in attenuating microglia/
macroglia activation and oxidative stress in the retina

Retinal microglia and macroglia (including Maller cells and astrocytes) are commonly
implicated as important contributors to RGC death[52]. Interestingly, recent reports
demonstrate that S1R plays an inhibitory role in the inflammatory activation of both retinal
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microglia and Miller glia[13, 15, 53]. We therefore assessed activation of microglia and
macroglia via determination of expression levels of their respective markers, /bal(Aifl) and
GT1ap. Indeed, NMDA treatment stimulated the upregulation of both protein and mRNA
levels of /baland Gfap (Figure 6). Remarkably, whereas targeted NPs effectively prevented
up-regulation of these two markers, the effect of non-targeted NPs was minor and not
statistically significant.

It is well documented that NMDA-induced excitotoxicity elevates oxidative stress, which
triggers RGC apoptosis[8]. A typical signaling response to oxidative stress is the elevated
expression of anti-oxidative genes such as Mgol and Hol, which are therefore often used to
monitor increased oxidative stress. One of the most often reported functions of S1R (or S1IR
agonists) is as an anti-oxidant[54]. We thus determined the expression of NgoI and Hol by
gRT-PCR using retinal tissues (Figure 7). The data indicate that while NMDA alone
increased mRNA levels of these two genes by 2-3 fold at 3 and 7 days post injection,
targeted NPs significantly prevented their up-regulation, while the effect of non-targeted NPs
was much less prominent (Figure 7A).

As an ER stress response pathway that is inexorably linked to oxidative stress, PERK
activation has been intensively studied in stress response processes. While our data show an
increase of pPERK in the retina 3 days after NMDA injection, neither targeted NPs nor non-
targeted NPs produced an appreciable effect in attenuating NMDA-induced PERK activation
(Figure 7B).

Taken together, these results demonstrated that intravitreally administered DHEA, with
targeted NPs as a carrier, was effective in reducing oxidative stress but not PERK pathway
activation.

4. DISCUSSION

Glaucoma is a major cause of blindness that will affect 80 million people worldwide by the
end of this decade[1]. A hallmark of this disease is RGC degeneration that leads to vision
deficit or loss[1]. While surgical treatments exist, there is no preventive clinical care directly
targeting RGCs. Thus there is an imperative need for an RGC-protective drug delivery
platform that can be conveniently delivered via intraocular injection with low dosing
frequency. Rapid advances in nanomedicine have brought about a real possibility for
achieving this goal. We have developed a unique type of NP (unimNP) with optimal
properties for a drug carrier. Moreover, DHEA, an FDA-approved drug and an endogenous
S1R agonist[16], has shown neuro-protective benefits in the brain and retina[17, 18]. To
combine these drug/nanocarrier advantages, we conjugated unimNPs with CTB to target
RGCs, and loaded DHEA as a model drug to activate S1R. We have thus created a novel
RGC/S1R dually targeted nanoplatform. These targeted NPs (/.e., DHEA-loaded and CTB-
conjugated unimNPs) formed a retinal drug reservoir at the RGC layer, and produced
efficacious and durable protection for RGCs compared to non-targeted NPs in response to
NMDA excitotoxicity. As discussed below, this study embodies several innovations.
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Polymer micelles are among the most widely studied nanoplatforms due to their unique
core-shell structures. The limitation of conventional micelles for /n vivo applications is their
poor stability. Conventional micelles are formed by self-assembly of multiple linear
amphiphilic block copolymers. Premature dissociation of the self-assembled multi-molecule
polymer micelles can undermine their tissue-targeting capability and cause a burst release of
drug, potentially leading to systemic toxicity. However, the unimNP employed in this study
can overcome this limitation. All of the components of the unimNP are covalently linked,
thus each unimNP is formed by one single molecule, conferring outstanding stability[29,
32]. Moreover, as shown in Figure S3, the unimNPs produced a steady sustained drug
release for at least two months, although the release could be accelerated at lower pH
(Figure 1H). This is an important trait considering that glaucoma in humans is a chronic
condition and hence sustained release is critical for long-term drug efficacy. Furthermore,
unimNPs are capable of versatile chemical conjugation with a variety of molecules,
including targeting ligands and fluorescent labels, thus enabling their multifunctionality.
Taking advantage of these desirable attributes, we conjugated unimNPs with CTB for RGC-
targeted drug delivery and Cy5.5 dye for NP-tracing. Therefore, we have generated a novel
unimNP drug delivery nanoplatform uniquely tailored for RGC targeting and protection.

Various NPs other than unimNPs have been applied to deliver DNA, siRNA, peptide, or
small molecules into the retina[21, 55, 56]. However, these studies were not designed in a
targeted manner[57, 58]. Anatomically, the RGC layer is next to the vitreous body, thus it is
readily accessible for intravitreally delivered agents. Surprisingly, an RGC-targeting
intraocular NP delivery platform has not been reported[58, 59], likely due to the limitations
of traditional NPs. On the other hand, targeted delivery can afford multiple benefits
including the following: (1) high local drug concentrations producing better drug efficacy,
(2) a low risk of side effects because of locally confined drug actions, and (3) low amounts
of drug and low dosing frequency needed. In our study, targeted NPs exhibited robust
protection for RGC survival whereas non-targeted NPs failed to produce a significant effect.
We chose CTB for RGC targeting because it is a recently established RGC tracer[27]. This
B domain of cholera toxin lacks the catalytic activity that causes toxicity. Because of its
binding activity for GM1 ganglioside that is highly abundant on ganglion neurons, CTB
efficiently binds to RGC somata and axons and undergoes lipid raft-mediated
internalization[27, 60]. Importantly, our data indicate that while CTB enables sequestration
of NPs at the RGC layer, CTB alone did not show toxicity (reduction of cell numbers)
(Figure S5). Therefore, CTB facilitates effective RGC targeting of intravitreally delivered
CTB-conjugated unimNPs (CTB-unimNPs), and may thus inspire broader applications
beyond its common use as an RGC tracer.

Of great interest, an inadvertent benefit of the CTB-unimNPs is the effective accumulation
of NPs at the RGC layer which may collectively constitute a retinal drug reservoir. Without
CTB, non-targeted NPs are dispersed/diluted in the vitreous body through diffusion after
intravitreal injection, with a large portion eventually cleared out of the eye thereby
compromising its therapeutic efficacy and imposing a major challenge for intraocular drug
administration[20]. Indeed, our data show a minimal RGC-protective effect of non-targeted
NPs or free DHEA delivered without NPs (Figure S6). To circumvent this problem, drug-
releasing polymer sheets or rods anchored in the vitreous have been tried[20]. However, due
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to their bulkiness, these devices often interfere with the normal visual optical path, and when
degraded, may produce large amounts of inflammatory degradation products. In contrast,
with a hydrophilic outer shell, unimNPs are highly soluble and optically clear in aqueous
solutions, thus minimizing interference with vision. Moreover, degradation products of
unimNPs with a minute mass are less likely to elicit an inflammatory response In addition,
due to their nanoscale sizes (~62 nm in diameter), unimNPs are apparently able to penetrate
the inner limiting membrane to function at the RGC layer. The juxtaposition of Cy5.5-
labeled unimNPs with RGC nuclei visualized via immunostaining of a specific RGC marker
(BRN3A) [27] indicates the presence of NPs either on the surface of or inside RGCs, or in
their vicinity. In either case, DHEA released from NPs can produce a functional effect
locally on RGCs. A possible scenario is that a portion of the DHEA molecules released from
unimNPs may diffuse into other cell layers. This is not expected to impart an adverse effect
since DHEA appears to protect retinal cells in general, as evidenced by previous studies
without NPs[17-19]. As shown on the whole mount, CTB is distributed not only in the nerve
fiber layer (RGC axons, Figure 3A), but also around BRN3A-stained RGC nuclei (Figure
S7), consistent with the previous report that CTB is found in the RGC cytosol[27]. It is
worth noting, however, CTB is not always associated with Cy5.5 (Figure 3A). While the
Cy5.5-labeled puncta are indicative of NPs, dispersed individual NPs (hence less intense
fluorescence) may not be detectable. For this reason, some NPs associated with CTB but not
forming puncta are not readily discernable. Alternatively, NPs become invisible after losing
the Cy5.5 fluorescence; for instance, the ester bond linking these two constituents is broken
by esterases, or fluorescence is bleached over time. Nonetheless, our data show profound
RGC layer accumulation and, importantly, also RGC-preserving efficacy of targeted NPs
carrying DHEA, in contrast to non-targeted NPs with DHEA as well as targeted NPs not
loaded with drug. Thus, our study suggests that RGC-targeting via CTB-conjugated
unimNPs generates a retinal drug reservoir that enables efficacious and durable RGC
protection.

Another innovation in this study is the strategy of RGC/S1R dual targeting. Despite a large
body of literature advocating S1R as a potential therapeutic target, there are no reports
translating its neuroprotective potential into an applicable method for treating retinal
diseases, presumably because of the lack of a viable drug delivery system. The S1R protein
is most abundant in the RGCs of mouse, rat, pig, monkey, and human retinas[41]. A
neuroprotective role of S1R has been demonstrated in animal models of major
neurodegenerative diseases including Alzheimer’s disease[61], Parkinson’s disease[62], and
amyotrophic lateral sclerosis[63, 64]. Particularly important to the current study, a number
of /n vitroand /n vivo studies[3, 8, 9], including our own[7], demonstrate a protective role of
S1R for RGCs under stress. Moreover, some drugs targeting S1R (e.g., fluvoxamine and
haloperidol) have proven safe and entered clinical applications for treating psychiatric
disorders. Taking advantage of unimNP engineering, we initiated the first translational
campaign aiming to develop an intraocular delivery method with S1R as an RGC-protective
molecular target. We found that this nanoplatform directed to both a cellular target (RGCs)
and a molecular target (S1R) facilitates efficacious precision therapy against RGC neuro-
degeneration.
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While previous studies using gross retinal samples revealed a S1IR-mediated retina-
protective effect of DHEA in an ischemia/reperfusion model[17, 19], a S1R-associated
effect of DHEA specifically in RGC protection has not been reported. S1R has been
identified as a ligand-operated chaperone that has a wide spectrum of molecular functions
including modulations of a variety of channels, GPCRs, lipid metabolism, antioxidation,
Ca?* homeostasis, and ER stress response[54]. Most recently, S1R was found to suppress
retinal microglial and Miller glial reactivity[13, 15], which has been recently recognized as
an important etiology of retinal neurodegeneration[52]. Consistently, our data indicated that
DHEA-releasing CTB-unimNPs effectively reduced retinal levels of IBA-1, a commonly
used marker of activated macrophages and microglia, and levels of GFAP, a marker for
activated macroglia including retinal Mller cells and astrocytes. As apoptotic RGCs can
cause activation of retinal macroglia and microglia[44], the observed reduction of microglial
and Miiller glial markers due to the treatment with targeted NPs could be either a direct
effect of DHEA, or alternatively, a secondary effect of reduced RGC death. It is known that
both activated microglia and macroglia stimulate production of intracellular reactive oxygen
species (ROS) and hence oxidative stress, which often triggers antioxidant gene expression.
Interestingly, our data showed that while NMDA stimulated the expression of antioxidant
genes including NMgo1 and Hol, targeted NPs effectively reduced the expression of these two
genes. The role of S1R in suppressing oxidative stress has been demonstrated in multiple
tissues and cells, including retinal microglia and Muller cells[8, 13, 15]. We therefore infer
that efficient delivery of DHEA by targeted NPs may have reduced oxidative stress and, in
turn, prevented NgoZ and Hol up-regulation, at least in part via S1R activation. This
outcome may have resulted directly from the S1R anti-oxidative function, or indirectly from
inhibition of macroglial and microglial reactivity.

In contrast to the profound inhibitory effect of targeted NPs on the activation of microglia
and macroglia, we did not observe a significant effect on the activation of PERK, one of the
ER stress response pathways. Although in this study PERK does not appear to be a DHEA-
modulated pathway, we cannot rule out the involvement of other ER stress pathways such as
IRE1 and ATF6[65]. It is worth noting that DHEA can possibly also bind to “off-targets”
other than S1R; therefore, we cannot exclude the possibility that the observed therapeutic
effect of DHEA was partially mediated through other targets. Interestingly, it was recently
reported that even DHEA activation of an “off-target”, the TrkA receptor, protected retinal
neurons from excitotoxicity-induced cell loss[18]. Therefore, our results suggest that
targeted NPs protect RGCs against NMDA-induced cytotoxicity likely through multiple
molecular mechanisms. Nevertheless, the RGC-protecting effect of DHEA is potentiated by
efficient local drug delivery achieved with the targeted unimolecular micelle nanoplatform.

5. CONCLUSIONS

In this study, we have achieved two main objectives. (1) We have engineered the first RGC-
targeting intraocular delivery nanoplatform—/.e., CTB-conjugated unimNP—that
accumulate at the RGC layer and are likely taken up directly by these cells. (2) By applying
this nanoplatform for DHEA delivery in an acute model of RGC death, we have commenced
a translational campaign to test an RGC/S1R dual-targeted therapeutic paradigm. The two
objectives are unified in the preclinical tests that indicate an efficacious and relatively
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sustainable protection of RGCs by targeted NPs. To realize the full potential of this drug
delivery system, it is warranted to test it in a chronic model of glaucoma in future
investigations. In addition, in light of faster drug release from NPs at lower pHs, shorter
entrapment of NPs inside the acidic endosome/lysosome compartments would prolong their
therapeutic effects. To this end, the unimNPs are amenable to conjugation with an
endosome-escaping peptide[66, 67]. In summary, further development and optimization of
this unique CTB-conjugated unimNP intraocular drug delivery nanoplatform may ultimately
lead to a viable treatment for glaucoma.
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Figure 1. Synthesis and characterization of targeted and non-targeted unimNPs
(A) A schematic illustration of multifunctional unimolecular micelle nanoparticles formed

by multi-arm star amphiphilic block copolymer PAMAM-PVL-PEG-Cy5.5/CTB for
targeted delivery of DHEA to RGCs. (B) Synthesis scheme of multi-arm star amphiphilic
block copolymer PAMAM-PVL-PEG-Cy5.5/CTB. IH NMR spectra of (C) PAMAM-
PVL-OH, (D) Cy5.5-PEG-COOQH, and (E) PAMAM-PVL-PEG-OCHj3/Cy5.5/Mal. (F)
DLS analysis and (G) TEM images of the unimNPs. (H) /n7 vitro DHEA release profiles
from DHEA-loaded, non-targeted and targeted unimNPs at two different pHs.
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Figure 2. Accumulation of targeted NPs at the mouse RGC layer after intravitreal injection
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Targeted NPs (i.e., DHEA-loaded CTB-unimNPs) and non-targeted NPs control (i.e.,
DHEA-loaded unimNPs), both mixed with NMDA, were injected respectively into the right
eye (or left eye, randomly assigned) of two separate groups of mice,. Each injection (total 2
ul) contained 0.5 pg DHEA, 40 mM NMDA, and 2 ug unimNP. At 1, 3, and 7 days after
injection, mice were euthanized and retinal sections prepared for fluorescence microscopy.
Retinal layers were distinguished by DAPI staining: ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, retinal ganglion cell (RGC) layer. (A) Localization of NP (Cy5.5-
conjugated, red). While targeted NPs were accumulated at the RGC layer, non-targeted NPs
were barely detectable. CTB was labeled green (FITC). (B) Co-localization of NP (white,
pseudo-color) with RGCs, which were detected by immunostaining of the marker protein
BRN3A (red). (C) Overview of the entire mouse eye section showing accumulation of
targeted NPs (white, pseudo-color) along GCL in the retina. The anterior image shows the
cornea which is Cy5.5 negative. Scale bar: A and B, 50 um; C, 200 pum.
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Figure 3. Rescue of RGCs by targeted NPs following intravitreal injection (counting on whole-
mounts)

Intravitreal injections were performed as described in Figure 2. Mice were euthanized at
indicated time points and retinal whole mounts were prepared for fluorescence microscopy.
(A) Representative images showing distribution of CTB (green), Cy5.5 (white), and
BRN3A-positive nuclei (red). Scale bar: 100 um. (B). Enlarged image in A showing Cy5.5
and BRN3A. (C). Quantification of BRN3A-positive cells: mean + SE; n = 7-10 animals.
**P < 0.01, compared to NMDA only (no NPs). (D). Data are re-plotted as time course of
nuclei number fold change versus vehicle (DMSO) control. **P < 0.01 compared to NMDA
only (no NPs). The data show that while targeted NPs preserved RGC layer cells, non-
targeted NPs had no significant effect. (E) Representative images showing BRN3A-positive
nuclei of retinal whole mounts collected at 7 and 14 days after injection of CTB-unimNPs
without (empty NP) or with (targeted NP) DHEA loaded (the same amount as in A). Scale
bar: 100 pm. (F). Quantification of BRN3A-positive cells in E: mean + SE; n = 7-10
animals. **P < 0.01, compared to empty NPs.
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Figure 4. Rescue of RGCs by targeted NPs following intravitreal injection (counting on vertical
sections)

Injections were performed as described in Figure 2. Eyeballs were collected at indicated
time points after injection for the preparation of retinal sections (nuclei counting) or
homogenates (RT-PCR). Quantification: mean + SE; n = 7-10 animals. (A) The number of
nuclei (per 500 um retina length) was counted at the RGC layer. **P < 0.01, compared to
NMDA only (no NPs). (B) Data are re-plotted as time course of nuclei number fold change
versus vehicle (DMSO) control. **P < 0.01 compared to NMDA only (no NPs). The data
show that while targeted NPs preserved RGC layer cells, non-targeted NPs had no
significant effect. (C) Expression of RGC marker genes was determined by qRT-PCR. **P <
0.01, *P < 0.05, compared to NMDA only.
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Injections were performed as described in Figure 2. Eyeballs were collected at 1 day after

injection. TUNEL staining was performed on retinal cryosections. Scale Bar: 50 pum.

Quantification: mean + SE of TUNEL-positive nuclei at the RGC layer (per 500 pm retina

length); n > 5 animals; **P < 0.01 compared to NMDA alone.
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Figure 6. Inhibition of NMDA-induced activation of retinal microglia and macroglia by targeted
NPs following intravitreal injection

Injections were performed as described in Figure 2. Eyeballs were collected for preparation
of retinal cryosections (immunohistochemistry) or homogenates (QRT-PCR). Quantification:
mean + SE; normalization to vehicle control; n > 5 animals; **P < 0.01, *P < 0.05,
compared to NMDA only. Immunostaining of (A) IBA1 or (B) GFAP were performed on
retinal sections collected 3 days after injection and the area including INL and GCL was
used for quantification. Scale bar: 50 um. (C) Levels of mRNA of /bal and Gfap were
determined by qRT-PCR using unfixed samples collected at 3 or 7 days after injection.
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Figure 7. Reduction of NMDA-induced oxidative stress by targeted NPs following intravitreal

injection

Injections were performed as described in Figure 2. Eyeballs were collected for preparation
of retinal cryosections (immunohistochemistry) or homogenates (RT-PCR). Quantification:
mean + SE; normalization to vehicle control; n > 5 animals; **P < 0.01, *P < 0.05,
compared to NMDA only. (A) Levels of mRNA of NMgol and Hol were determined by RT-
PCR using unfixed samples collected at 3 or 7 days after injection. (B) Immuno-staining of
pPPERK performed on retinal sections collected at 3 days after injection and the area

including INL and GCL was used for quantification. Scale bar: 50 pum.
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Table 1
Molecular weights of all polymers.
Polymers M, (g/mol)  My(g/mol) PDI (M/M,)
PAMAM-OH 14277 — —
PAMAM-PVL-OH 99450 141616 1.424
PAMAM-PVL-PEG-
OCHy/Cy5.5/Mal 252317 376660 1.48
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