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Abstract

Choroidal neovascularization (CNV) is the abnormal growth of blood vessels that sprout from the
choroid vasculature and grow beneath and into the retina. The newly formed blood vessels in CNV
often leak blood and fluid which deteriorates vision over time, eventually leading to blindness. In
the present study, we examined the efficacy of intravenously injected gold nanoparticles in the
laser-induced CNV animal model. Using optical coherence tomography (OCT) and fluorescein
angiography, we evaluated CNV lesions longitudinally, over a period of 21 days, with and without
nanoparticle treatment. Intravenously injected low concentration of bare gold nanoparticles
showed significant anti-angiogenic properties by suppressing CNV development and progression.
The treatment group showed significantly decreased fluorescein leakage at the CNV site compared
to vehicle injected control mice. OCT assisted CNV volume measurement at all time points
showed a significant reduction in lesion size in the treatment group compared with controls.

Graphical Abstract

The graphical abstract figure shows an experimental plan of treating laser induced CNV mouse
models with intravenous gold nanoparticle (or sham PBS) with a follow-up scheme of in-vivo
imaging. Also included are representative images of fluorescein angiography and optical
coherence tomography scans of AuNP treated and control (sham) eyes.
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Background

Age-related macular degeneration (AMD), is the leading cause of vision loss among the
elderly in the western hemisphere. The neovascular form of AMD, called wet-AMD
(WAMD), is characterized by the presence of choroidal neovascularization (CNV). Much of
this vision loss in WAMD is a consequence of CNV, the abnormal growth and leakage of
blood vessels beneath and into the retinal. Laser induced CNV in pigmented wild-type mice
(C57BL6/J) is the most commonly used animal model of WAMD?2, Literature suggests a
well-established timeline of progression of laser induced CNV lesions in pigmented mice3.
The progression of CNV can be monitored using immunostaining of choroidal-RPE flat-
mounts® or using Jn vivo imaging techniques such as optical coherence tomography (OCT)
and/or fluorescein (FA) and indocyanine green (ICG) angiography using confocal scanning
laser ophthalmoscope (cSLO)3: 6. The advantages of using /7 vivo imaging for CNV
assessment include the ability to perform longitudinal imaging of the same animal over a
long period of time and to assess CNV lesion characteristics such as dye leakage, blue and
infrared autofluorescence, and infrared/dark field imaging for scar tissue formation’. In
addition, /n vivo volumetric OCT imaging provides the ability to visualize the physical
volume of CNV lesions and their progression®.

Current clinical management of WAMD includes intraocular injections of anti-VEGF
therapeutics and occasionally laser induced photocoagulation, thermal therapy, and
photodynamic therapy®. The challenges with the laser-based treatment include treatment
efficiency and collateral tissue damage. While anti VEGF therapeutics have been extremely
beneficial for WAMD, this therapeutic modality faces unique challenges that include
selective responsiveness and patient discomfort because of repeated sessions of intraocular
injections, leading to non-compliance. Some recent studies suggest that the use of
photothermal contrast agent may improve laser based treatment efficiency®. However, a
major hindrance to such an approach is the issue of effective drug delivery to the retina.
Recent advancements in nanomedicine provide several efficient drug delivery options
including some via the systemic route!. One such nanoparticle, the gold nanoparticle
(AuNP) has been reported to invade and reach deep layers of retina and choroidal space both
via intraocular and intravenous injections!. AuNPs have also been reported to have anti-
angiogenic and anti-tumor properties'? 13. The anti-angiogenic activity of gold
nanoparticles (AuNP) depends on many factors such as size, shape, and surface properties
(charge, functionalization etc.)13. Its efficiency depends on the bioavailability of AuNPs at
the disease site, concentration, as well as its permeability and retention in and around the
target cells. Mukherjee et al.12 demonstrated that AuNP’s prevent angiogenesis by inhibiting
heparin binding angiogenic factors such as vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF)4. While a number of studies in nanomedicine focus on the
application of nanoparticles as a therapy for cancer, very little work has been done on their
therapeutic potential in retinal diseases such as CNV. Roh et. al. reported that intravitreal
injection of 20 nm gold nanoparticles had anti-CNV effects as assessed by choroidal flat
mount stained with endothelial marker Isolectin B413,

The present study, for the first time, examines the therapeutic effect of systemically
delivered AuNPs in an animal model of CNV. Long term /n vivo disease progression of
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CNYV lesions was evaluated by high-resolution OCT imaging as well as angiography
(Fluorescein and Indocyanine green) using cSLO imaging. The AuNP’s were plasmonic
nanoparticles optimized for photothermal therapy providing a possibility of combined anti-
angiogenic/photothermal treatment strategy. Intravenous injections of low concentration bare
gold nanoparticles (AuNP) solution was tested for their ability to inhibit laser-induced CNV.
We further validated our findings with choroidal flat mounts stained with endothelial cell
markers for CNV lesion size assessment.

Eighteen pigmented wild type mice (three month old, sex matched, C57BL6/J) were
purchased from Jackson Laboratory (Bar Harbor, ME). All animal experimentation was
conducted in accordance with protocols approved by the Cleveland Clinic Institutional
Animal Care and Use Committee (IACUC) and conformed to the National Institutes of
Health Guide for the Care and Use of Animals in Research and the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research as well as the EU directive 2010/63/EU
for animal experiments. All mice were housed in 10/14 dark/light conditions and were
provided food and water ad libitum. CNV lesions were induced in all mice following laser
injury using green argon laser as described previously16-18, These mice were subsequently
split into two groups viz. sham treated control and AuNP treated experimental group.

Laser induced choroidal neovascularization:

Mice were anesthetized with 65-68 mg/Kg sodium pentobarbital delivered intra-peritoneally.
0.5% procaine solution was placed on the cornea for topical anesthesia. Following pupil
dilation with 0.5% topical tropicamide/phenylephrine combination drops (Santen
Pharmaceuticals, Osaka, Japan), four laser burn spots were targeted to the superior, superior-
temporal, or superior-nasal quadrants of the fundus using a 532nm laser beam from a green
solid-state laser (Iridex oculight 532nm) delivered using a slit lamp (Haag Streit SL 1000).
Laser power of 240 mW, 50 mili-second pulse duration and 50 pm spot size was used for all
lesions. Figure 1c—f shows a representative OCT b-scan and cSLO infrared reflectance
images of both control and AuNP treated mice groups captured on day 0 immediately laser
injury. Laser lesion size was fairly uniform and consistent in our hands.

Nanoparticles:

Citrate reduced gold nanoparticles were purchased from Nanopartz Inc. The nanoparticles
were used at a concentration of 4.37 x 1019 nps/mL, which is typically lower than
recommended for nanoparticle assisted thermal therapies. The average diameter of AUNP’s
was 50 nm. The supplier provided characterization certificate for surface plasmon resonance
(SPR), optical density (OD), concentration, and mean size of nanoparticles. The absorption
profile of the nanoparticles was obtained using a nanodrop 2000 spectrophotometer (Thermo
Scientific Inc.) which matched the supplier provided characterization (results not presented
for brevity). All nanoparticles were pre-sterilized for /n vivo use and were supplied with
pathogen free certificates. The nanoparticles and Phosphate-Buffered Saline (PBS) (Corning,
Mediatech Inc., USA) was injected intravenously in corresponding groups via tail vein on
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day 0 of laser injury. All experimental animals received re-injections on respective day four
after first injection. The volume of the nanoparticle solution (as well as control PBS)
injected was 50 pl at both time points of injection. The selection of these time points for
nanoparticle injections was based on previous studies that determined that CNV lesions had
peak angiogenic activities between day 4 and day 7 after laser injury®. The control groups
received sham PBS intravenous injections of 50 pl on day O of laser injury.

Optical coherence tomography:

All control mice (which received sham PBS intravenous injections) and experimental mice
(which received intravenous AuNP injections) were evaluated longitudinally using /n vivo
imaging. Ultra high-resolution spectral domain optical coherence tomography (OCT) system
(Envisu R2210 UHR Leica Microsystems Inc.) was used for /n vivo cross-sectional imaging.
Each animal was pre-imaged with a 55° mouse lens for pre-existing retinal anomalies and
retinal structural integrity. The scan parameters used were 1.8 mm x 1.8 mm rectangular
volume scan, 1000 a-scans / 200 b-scans averaged 3 times per b-scan. Immediately after the
laser injury, each animal was scanned for ruptured Bruch’s membrane as a checkpoint for
successful CNV induction. The inclusion criteria to include a lesion in the quantitative
analysis is described in Table 1. Each CNV lesion was then followed over time using the
same scan parameters at day 7, 14, and 21. The volume of each lesion was calculated with
OCT volumetric scans using previously described methods2C. By assuming CNV lesion as
an ellipsoid, volumes were obtained by measuring length, depth, and width of each lesion in
OCT rectangular volumetric scans as described?0. The B-scan was used to measure the
width (a) and depth (b) of the lesion. The volume intensity projection image was used to
measure the length (c) of the lesion. The lesion volume was calculated using the formula

A= %nabc. The results on OCT based CNV volume were then compared for both

experimental and control groups.

Scanning laser ophthalmoscopy:

Before the start of experiment, all the animals were imaged with cSLO (Heidelberg
SPECTRALIS, Heidelberg Engineering, Germany) for any pre-existing abnormalities in the
mouse retina. For all pre-screening and post laser imaging, the cSLO imaging modes used
were infrared reflectance, red free dark field, visible (blue-green) autofluorescence, and
infrared autofluorescence at both RPE-Choroid interface and vitreous-retina interface (not
presented for brevity). In addition to these modes, in all post laser imaging, fluorescein
angiography (FA) was performed at the RPE-choroid interface and vitreous-retina interface
for early phase and late phase CNV leakage analysis. For intraperitoneally injected Na
Fluorescein (1% in saline, 50 ul) (AL-FLUOR 10%, Akron Inc.) early phase images of
fluorescein angiography (FA) were taken at ~3 mins and late phase images were taken at ~6
mins. The leakage area was measured with inbuilt analysis software of Heidelberg Spectralis
imaging system. In high-resolution mode, the system provides an image pixel format of
1536 x 1536 with the wide-field lens. CNV images were analyzed in ImageJ (Version 1.52a)
by measuring area of leakage. This value was then normalized for size of laser burn
measured at day 3 in IRDF images.
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Immunohistochemistry:

Following day 21 ¢cSLO and OCT retinal and fundus scans, animals were humanely
euthanized using a cocktail of ketamine (90 mg/ml, ketamine HCL, Zoetis) and xylazine (10
mg/ml, AnaSed Injection) injection followed by cervical dislocation. Eyes were then
enucleated and placed directly into 4% PFA (Electron Microscopy Sciences) overnight at
4°C with an incision along with limbus to allow for infiltration of the fixative. Choroid was
isolated by dissecting and removing both the anterior chamber and retina. Samples were
post-fixed in pure methanol for 10 minutes in —20°C, then placed in perm/block buffer with
concentration of: 1% BSA (Fisher Bioreagents), 1X PBS, and 0.1% Triton (Bio-Rad
Laboratories, Inc.) overnight at 4°C on a shaker. Samples were stained with Isolectin 488
(Invitrogen, Thermo Fisher Scientific) in perm/block for 2 days (1:50), washed 3 times with
1X PBS, and flat mounted under light microscope and sealed. Slides were observed under a
confocal microscope (Leica microsystem) using a 488 nm green laser. Images were analyzed
for quantification of CNV lesion area and intensity. A previously published background
correction method, total corrected cellular fluorescence (TCCF)2L, was used to quantify the
total lesion area with background corrected autofluorescence.

Transmission electron microscopy:

Statistics:

On day 4 of laser injury, mice were euthanized as described above at 1-hour post-injection.
Eyes were enucleated and placed in 2% PFA and 2.5% glutaraldehyde (Polysciences, Inc.) in
0.1 M sodium cacodylate buffer (pH 7.3) (Sigma-Aldrich) with 5mM CaCl,. Under a
dissecting microscope, anterior segments were removed. Eyecups with the retina exposed
were then washed in three changes of 0.1 M sodium cacodylate buffer for fifteen minutes
each and post-fixed in 1% OsO4 (Electron Microscopy Sciences) in 0.1 M sodium
cacodylate buffer for 45 minutes at 4°C. Finally, the tissues were washed in two changes of
0.1 M cacodylate buffer and left in wash overnight at 4°C. Following, each sample was
sequentially incubated in increasing percentages of ethanol (35%, 50%, 75%, 85%, 95%,
and 100%) for 15 minutes at 4°C. Samples were incubated in 1:1 100% ethanol and
propylene oxide (Fisher Scientific) and 100% propylene oxide for fifteen minutes each,
followed by an immersion of 2:1 propylene oxide and epon resin for 30 minutes each on
rotisserie with caps, and 1:1 propylene oxide and epon for 3 hours with the caps. Caps were
removed, eyes were incubated and infiltrated overnight in epon resin. Next day, eyes were
embedded into mold with fresh resin. Samples were polymerized at 60°C for three days. The
tissue was cut into thin sections (~1 pm) with a diamond knife and stained with toluidine
blue (Fisher Chemical) dye. The TEM images were acquired using Tecnai G2 Spirit
BioTWIN electron microscope operated at 80 kV.

For all measurements of FA leakage area and OCT lesion volume, and choroidal flat-mount
TCCF between treatment and control group, a two-tailed non-parametric student t-test was
performed using GraphPad Prism version 8.1.1 for Windows (GraphPad Software, San
Diego, California USA). The accepted value for rejecting the null was set at P < 0.05 with
confidence interval of 95%. All data are presented in the form of mean with the standard
error of the mean (SEM).
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Fluorescein angiography:

The areas of dye leakage of Na fluorescein were measured from images obtained on days 7,
14, and 21 post laser injury, and were compared for statistical differences between AuNP
treated and sham treated groups. Size of laser lesions (SLO images at day 0) were similar
between all groups. Figure 2 shows two sets of representative FA images for each sham
group (a-b) and AuNP treatment group (c-d). A significantly reduced area of leakage was
observed in the AuNP treatment group (Fig. 2 (c—d)) at all three time points compared with
the sham group (Fig. 2 (a—b)). Statistical analysis showed that these changes were
statistically significant at all time points evaluated (Fig. 3). For the early phase FA, on
average, the dye leakage area was decreased in the treatment group by 29% on day 7, 42%
on day 14, and 48% on day 21. For late phase FA, the percentage decrease in treatment
group was 37% on day 7, 44% on day 14, and 48 % on day 21. In order to assess the extent
and severity of FA leakage in both groups, a difference in the late phase and early phase FA
was obtained and compared (Fig. 3c). The average percent decrease in FA difference (FA
difference = FA late — FA early) for the treatment group was 57% on day 7, 48 % on day 14
and 46 % on day 21.

OCT Lesion Volume:

The CNV lesion volume in control and experimental groups were compared at all imaging
time points, viz; day 7, 14, and 21. Representative comparison of OCT B-scans of sham
treated mice (Fig. 4a) and AuNP treated mice (Fig. 4b) show reduced CNV lesion size in
AUNP treated mice. Quantitation of CNV lesion volumes showed a statistically significant
decrease in AuNP treated mice at all time points evaluated (Fig. 4c), with ~ 53% decrease on
day 7 and 14, and —35% decrease on day 21. Laser-induced CNV in pigmented mice
undergoes spontaneous healing after two weeks resulting in a decrease in the overall lesion
volume in both groups by day 21 (Fig. 4c).

Immunohistochemistry and TEM:

CNV lesion area was also calculated from retinal flat mounts stained with Isolectin B4 (an
endothelial cell marker) as shown in Fig. 5a—b. Figure 5a is a representative image of a
retinal flat mount from a sham control mouse while Fig. 5b is a representative flat mount
from an AuNP treated mouse. There appears to be a decrease in the size of the CNV lesions
in mice treated with AuNP, which corroborates the findings from in vivo analyses.
Quantitation of CNV lesion area from retinal flat mounts were calculated in ImageJ22 using
TCCF21, where TCCF = Integrated Density — (Area of selected cell X Mean fluorescence of
background readings). Statistical analysis (Fig. 5c), showed a significant decrease (~75%
decrease) in TCCF of AuNP treated mice compared with sham treated controls.

To evaluate if injected AuNPs reach the CNV lesion, transmission electron microscope
(TEM) images of sections through the CNV lesion were evaluated (Fig. 6). Gold
nanoparticles were seen at the CNV site (Fig. 6¢) and RPE — photoreceptor junctions (Fig.
6d). It was also observed that few nanoparticles penetrated through the inner retinal layers
such as outer nuclear layer and ganglion cell layer (results not presented).
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Discussion

AUNPs have been shown to be effective as a therapeutic in a variety of disease models
especially cancer23-26, The present study, demonstrates for the first time that intravenously
injected AuNP’s exhibit a robust anti-angiogenic and therapeutic effect for CNV in the laser-
induced CNV mouse model. Previous /n vitro studies have suggested that AUNPs mediate
their anti-angiogenic effects by targeting the VEGFA/VEGFR pathway as well as by
regulating inflammatory mediators26: 27, A few studies have shown that intravitreal
administration of AuNPs have the ability to inhibit retinal neovascularization in animal
models with minimal toxicity27=2°,

While prior experiments have determined that the cellular uptake and internalization of
AuUNPs are dependent on physical properties of the nanoparticle such as size, shape, charge
and functionalization and occurs via receptor mediated endocytosis or phagocytosis,
pinocytosis or passive uptake through the cell membrane, the mechanisms of uptake in the
retina have not been examined. Using transmission electron microscopy, we found
systemically delivered nanoparticles to be localized to the CNV lesion as well as in the
retina. We hypothesize that the fenestrae in the choriocapillaris (~2-3 RBC wide) may allow
for localization of AuNPs in the retina even in the presence of an intact blood retinal
barrier3%: 31, In a healthy retina, RPE tight junctions form the outer blood retinal barrier and
prevents material from entering the retina. In pathological conditions, such as CNV in age-
related macular degeneration, there is a disruption of the outer blood retinal barrier, which
leads to damage to the photoreceptor cells. We hypothesize that this outer blood retinal
barrier breakdown will likely play a role in the increased bioavailability of AuNP into and
around the CNV lesions32. Additional studies identifying the molecular pathways that are
involved in AUNP mediated inhibition of neovascularization are warranted. Whether
targeting VEGF via these AuNP particles will have an additive effect is another area that
could be explored.

That systemic administration of AUNPs can generate a strong therapeutic response without
toxicity, similar in nature to that reported previously with intravitreal injections, suggests
that this mode of delivery might be preferable in terms of patient compliance and intra-
ocular complications associated with repeated intravitreal injections. Our protocol for
longitudinal /n vivo assessment of CNV progression provides insight into the anti-
angiogenic therapeutic effects of gold nanoparticle in a temporal fashion. Similar studies
may be used to guide treatment protocols in models of sustained CNV.

In this work, the gold nanoparticles used were intentionally made plasmonic for laying the
foundation and demonstrating the feasibility of combined anti-angiogenic and laser
photocoagulation therapeutic studies. In the future, we will identify AuNP modifications
such as biocompatible coatings that might increase the AuNP bioavailability. AUNPs (bare
and PEG coated) have been reported to have none or negligible toxicity /n vitroand in
vivorl. In the present study, we observed no visible signs of unexplained injury,
inflammation, or any reflectivity change due to atrophy in any mouse. Future studies will
include detailed toxicity analysis.
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The treatment of choroidal and chorioretinal diseases using hanomedicine and
nanotechnology assisted laser therapies have shown great promise for effective and efficient
localized and selective drug delivery. This study is a first step towards that goal. Additional
studies will require more systematic investigation for translation and clinical usefulness.
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Figure 1:
Experiment design illustration (a) showing the experimental protocol of inducing laser

lesion, treatment with intravenously injected AuNP or sham PBS, (b) a schematic of retinal
and choroidal layers with a typical CNV lesion, (c) a representative OCT b-scan and cSLO
image immediately (Day 0) after the laser injury in control and in (d) treatment mouse, and,
a representative image with arrows showing successful laser lesions around the optic nerve
head in (e) control and (f) treatment mouse respectively. ONH = optic nerve head, RPE =
retinal pigment epithelium, Ch = choriod, PR = photoreceptors, CNV = choroidal
neovascularization, and ONL = outer nuclear layer.
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Figure 2:
Fluorescein angiograms of mouse RPE/Choroid interface at day 7, 14, and 21 - post laser

injury. Four representative animals are presented: (a) and (b) are sham PBS treated controls
and (c) and (d) are AuNP treated. Both the leakage area and intensity of signal are decreased
in the treatment group compared to control animals at all three-time points (Day 7. Day 14
and Day 21). Heidelberg Heyex default image processing was used in all the images with
normalization and averaging of 25 frames in high-resolution mode. No additional image
processing/enhancement was performed.
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Figure 3:
FA leakage area of controls and experimental group on day 7 (D7), 14 (D14), and 21 (D21)

for (a) early phase and (b) late phase fluorescein angiography. Inset (c) represents the
difference between the early and late phase leakage area for corresponding groups.
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Figure 4:

OCT - CNV volume representative scans of (a) control, (b) experimental mouse on all
follow-up time points (i.e. day 7, 14 and 21), and (c) statistical comparison of OCT based
CNV volume measured on day 7, 14, and 21 after laser injury. N=17 for controls and n=24
for experimental at each time point.
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Figure 5:
Choroidal flat mount with Isolectin B4 stained laser induced CNV lesions of a sham treated

control mouse retina (a) and AuNP treated experimental mouse retina (b). On average both
area and intensity of treated retina (b) appears decreased compared with sham treated (a).
Quantification of lesion area with corrected background fluorscence (total corrected cellular
fluorescence, TCCF) has been presented in (c) with n=4. Scale bar in (a) and (b) = 100 pum.
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Figure 6:
TEM image of CNV lesion around choroid and RPE-photorecepter showing presence of

AUNP (arrows). (a) AuNP present in the PR-RPE and (b) in cc. A high resolution close up of
three instances (numbered 1-3 in (a) and(b)) are presented in (c¢) AuNP’s in RPE, (d) in PR,
and (e) in RBC of cc. Scale bars used: (a) = 10 um, (b) = 2 um, and (c)-(e) = 0.5 um. RPE =
retinal pigment epithelium, cc = choriocapillaris, PR = photoreceptors, RBC = red blood
cell.
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Table I:

CNV lesion inclusion-exclusion criteria chart for each laser induced lesion in CNV group

Parameter for CNV lesion quality Included Excluded

Visible bubble during laser injury observed using slit lamp Present Not-present
Bruch’s Membrane rupture observed using OCT Present Not-present
Hyperfluorescent central of the lesion observed using /7 vivo infrared imaging of SLO | Present Not-present

Lesion hit a large retinal blood vessel or lesion looks oddly shaped (non-circular)

Not-present

Present
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