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Abstract

Vision impairment and blindness are critical problems worldwide. Major causes of vision loss include age-related
macular degeneration (AMD), diabetes, retinitis pigmentosa (RP), and glaucoma. In order to improve treatment
outcomes, multimodal imaging using photoacoustic microscopy (PAM), optical coherence tomography (OCT), fundus
photography, and fluorescence imaging-guided treatment approaches can be utilized. This review explores novel
nanopharmacotherapy treatments for a variety of ocular diseases. In the first section, the use of silicon nanoneedle-
embedded contact lenses for the treatment of ocular angiogenesis including corneal neovascularization (CNV) is
investigated. Next, a combination of chemotherapy and photothermal therapy with gold nanoparticles as drug delivery

agents for the treatment of ocular tumors is discussed. Limitations and future applications are addressed.

Introduction

Ocular diseases cause hundreds of millions of people to experience vision loss and blindness. In 2020, more than 596
million people worldwide had been diagnosed with vision impairment, and its incidence is expected to increase to 895
million by 2050." The development and progression of several ocular diseases such as AMD, RP, and glaucoma are still
not fully understood, although there is evidence demonstrating that retinal pigment epithelial (RPE) or photoreceptor
degeneration, ocular inflammation, development of angiogenesis, or accumulation of metabolic waste can be
hallmarks of these diseases.2 To date, many treatment methods have been investigated for these diseases.3 To
remove corneal angiogenesis, therapies include anti-vascular endothelial growth factor (VEGF) topical therapy? and

conventional laser photocoagulation,* but they both carry suboptimal efficacy and significant side effects.

| Towvisualize the effectiveness of these treatments, multimodal imaging can be used. Optical coherence tomography
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acoustic waves.? Using various contrast agents, photoacoustic microscopy (PAM) imaging can provide high-resolution
and high-depth images of the retinal vasculature as well as molecular or cellular imaging with contrast agents. PAM
imaging has a high spatial and temporal resolution that allows for the differentiation between choroidal and retinal
vessels.10-16 Contrast agents such as nanoparticles, nanorods, and nanostars have all been used to facilitate molecular
and cellular imaging as well as provide improved visualization of the retinal and choroidal vasculature.®'7-19 This
review will focus on gold nanoparticles as a potential contrast agent due to its versatility as a drug carrier, thermal

agent for photothermal treatments, and biocompatibility.

Silicon Nanoneedle Embedded Contact Lens for Long-Term Drug Delivery

Current routes of drug delivery for ocular targets rely heavily on eye drops or frequent intravitreal injections. The
former has a low bioavailability due to the many ocular barriers surrounding the eye. Only around 5% of the drug will
reach the desired target, making eye drops cost-inefficient due to the large amount of drug lost during
administration.20 The latter, while more efficient in delivering drugs, is off-putting for many patients scared of needles,

is invasive, and carries significant risks including risk of infection that can lead to blindness.

Recently, nanomedicine has been explored as a novel method to improve the capability of drug delivery to the
target.2! Nanomedicine can be utilized for various applications in biomedicine such as treatment, diagnosis, opening
of the blood-brain barrier, and stimulation of neural tissues.21-23 Nanomedicine covers nanoparticles, nanoliposomes,
nanocapsules, nanocages, nanohydrogels, nanomicelles, nanodendrimers, nanomaterials, nanobiosensors, and
nanophotosensitizer probes.2:17.24.25 Today, nanomaterials with different sizes, shapes, and materials are being
widely investigated for enhancing the current paths of drug delivery, improving the overall bioavailability of drugs,

decreasing side effects and toxicities, and improving treatment efficiency.

Nanoneedles can be used for the delivery of drugs and other agents into the nucleus or cytoplasm in living cells.
Nanoneedles can effectively transfect siRNA in corneal endothelium cells.26 Esfandyarpour et al. used a nanoneedle
biosensor as an electronic probe to measure the electrical response of nucleic acids and proteins.2’ Maurini et al. has
used porous silicon nanoneedles to develop a nanoinjection approach for RNA interference therapy targeting the
human corneal endothelium to effectively reduce levels of p16 protein and promote cell proliferation.28 In addition,
their studies demonstrated that nanoinjection targeting the endothelial layer of explanted human corneas preserves
the cellular structure and did not induce any significant apoptosis to the human corneal endothelium. To be effectively
applied in different applications, the surface of nanoneedles needs to be modified by conjugation with other drugs and

materials.

Park et al. has introduced silicon nanoneedles (Si NNs) integrated in a tear-soluble contact lens that can be effective,
painless, and easy to administer to treat corneal angiogenesis. The Si NNs are first transferred to a polymethyl meth-
acrylate (PMMA) film and then pressed into a contact lens-shaped mold to finally transfer the Si NNs to the tear-
soluble lens. Park et al. reported a yield of >98% for the entire transfer process of the Si NNs. The final product had a
lens thickness of 37-43 um and a needle base diameter of 900 nm.24 A great benefit is that these Si NNs can be
fabricated with different sizes and shapes. The Si NNs can safely penetrate ocular barriers without scarring the cornea
as well as allow long-term sustained ocular delivery of drugs.24 Microneedles can also be used for drug delivery but are

‘weme e —oe e to more discomfort and damage.29-32
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Park er al. reportea quICK aissOIUTION OT tne water-soluple CoNtact Iens WItnin @ minute oT application With multl-
month-long sustained delivery of drugs through the Si NN (Figure 1A, C). It was also reported that no corneal
punctures were found due to the NN, and the NN was inserted stably into the cornea without any washing away
(Figure 1B, D). The drug release kinetics of the Si NNs could also be increased through the deposition of a passivation
layer such as Al, Os. Figure 1E-H shows the drug delivery process. Si NNs are able to degrade via hydrolysis reaction in
the presence of tears. It was reported that the degradation of the Si NNs increases linearly with time from 3.5 nm/day
to 16.6 nm/day. However, this reaction could be significantly slowed with a passivation layer of 0.05 nm/day. Once the

passivation layer completely dissolved, the rate returned to the original degradation rate.
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Figure 1. Schematic silicon nanoneedles fabrication and
conjugation with anti-inflammatory drug: (A) the transfer of the
Si NNs to a PMMA film. (B) the encapsulation of a water-soluble
film with anti-inflammatory drug. (C) the hot-pressing of the
resulting structure into a lens-shape mold. (D) the loading of
therapeutic drugs to the surface of the Si NNs. (E) Time-lapse
schematic illustrations of the biphasic drug delivery process.
(F) Time-lapse confocal fluorescence microscopy images for the
biphasic release of IgG 488 (green) and 647 (red) from the tear-
soluble contact lens and the Si NNs, respectively. (G) Time-lapse
photographs of the enucleated rabbit eye with the tear-soluble
contact lens while being dissolved. (H) Time-lapse cross-sectional
confocal fluorescence microscopy images of the enucleated
rabbit eye with the Si NNs embedded into the cornea. Adapted
with permission from Ref.?*

In Vivo Evaluation

Park et al’'s Si NNs were evaluated in a rabbit choroidal neovascularization (CNV) model (Figure 2). In order to monitor
treatment efficacy, the Si NNs were used to release ocular drugs like bevacizumab to treat CNV.27 New Zealand white
rabbits were used in this study. Rabbit eyes have been heavily used as the most translatable animal model for ocular
diseases due to its many similarities to human eyes.33 Some of these similarities include corneal thickness, axial
length, curvature, and even CNV pathology.34 Rabbit CNV development was monitored over 28 days with OCT, color
Selected Products  jmaging, Two experimental groups were tested: short Si NNs (10 um) with 1.5 ug bevacizumab
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highly effective in treating CNV without significant differences. Reduction of CNV was observed through the first 9 days
with complete resolution of CNV within the 28 days. This contrasts with the no treatment group which showed no
decrease in CNV throughout the 28 days. The subconjunctival injection group only showed an incomplete reduction of
CNV. Most importantly, it was noted that the minimum dosage of bevacizumab required for CNV treatment (1.5 pg)
was significantly lower in the experimental groups than traditional treatment methods such as subconjunctival
injections or topical ophthalmic drops.35-37
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Figure 2. In vivo CNV treatment with Si NNs in a rabbit model.
(A) Color fundus photography, red-free, segmented, and overlay
images of CNV pre (day 0) and post treatment at different time
points: days 1, 3, 7, 14, and 28 (i.e., on-therapy) using the 10 um-
long (left panel) and 60 pm-long (right panel) Si NNs. (B) A panel

of VD analysis to quantify the dynamic change of CNV from day
0 to 28. (C) 2D OCT images of the rabbit eye under therapy using
the 60 um-long Si NNs at day O (i.e., right before and after the lens
fitting) and days 1, 7, 14, and 28 (i.e., on-therapy). Adapted with
permission from Ref.?*

Combination of Chemotherapy and Photothermal Therapy for Treatment
of Ocular Tumors
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hemangioma.38,39 The diagnosis of ocular tumors is usually associated with very invasive methods such as
histological analysis, lumbar puncture, and bone marrow biopsies. These methods are commonly performed in

patients in clinics with a high risk of extraocular diseases.

Current treatments for choroidal melanomas have significant limitations, including high recurrence rates and
infection.#0 Using gold nanoparticles as a photothermal sink for tumor treatment seems highly promising and doubles
as a contrast agent that allows for precise 3D visualization of the tumor’s position in the eye. Gold nanoparticles (NPs)
readily absorb light, and the resulting heat can irreversibly damage tumors (Figure 3). Furthermore, drugs such as
Doxorubicin (Dox) can also be administered using functionalized gold NPs. Dox has known chemotherapeutic effects
such as inhibiting nucleic acid synthesis. Fucoidan (Fu) has also been recently investigated as a cancer medication
given its anti-tumor and anti-inflammation properties.#142 In addition, Fu is able to reduce the cytotoxic effects of

heavy metal nanoparticles.*344
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Figure 3. Schematic of multifunctional gold nanoparticles
conjugation with anti-tumor drug.

Kim et al. reported using Fu-coated gold NPs dosed with Dox to successfully kill choroidal tumors without recurrence
two weeks after treatment administration. Fu was a great candidate to conjugate Dox with gold NPs as both are
positively charged with Fu being negatively charged. Upon irradiation with a 0.11 W/cm? laser, 100, 200, and 300 pg/ml
gold NPs reached a max temperature of 48.6 + 3.0, 56.8 + 1.6, and 64.6 + 1.7°C respectively. It was previously reported

that temperatures in the range of 55-70°C can induce irreversible heat damage to tumors.*>

In vitro, testing revealed the max cell viability achieved in the absence of irradiation using Dox-Fu gold NPs was 38%
with a concentration of 300 pg/ml. With 2-minute laser irradiation, cell viability reached a peak low of 12% for Fu-Dox
gold NPs at a concentration of 200 pg/ ml. Interestingly, irradiated Fu gold NPs without Dox resulted in almost no cell
death. The researchers attributed this to the fact that Doxless Fu gold NPs only reached a temperature of 41 °C.
However, the cytotoxic effects of the gold NPs cannot be fully attributed to Dox as the photothermal effect in

cytotoxicity of tumor cells was significant. As discussed earlier, in the absence of laser irradiation, Dox-Fu gold NPs only

y of 38% versus the 12% viability with laser treatment.

Selected Products

https://www.americanpharmaceuticalreview.com/Featured-Articles/598934-Advanced-Nanopharmacotherapies-for-Ocular-Diseases/ 6/14



12/5/23, 11:52 AM Advanced Nanopharmacotherapies for Ocular Diseases | American Pharmaceutical Review - The Review of American Pharmace...

You haven't selected any products. Find products.

gold NPs without laser irradiation. The group that received both Dox-Fu gold NPs with laser treatment saw a decrease
in tumor size up until day nine when the tumor began to disappear.

Imaging guidance can help to confirm the diagnosis and determine staging. Imaging modalities used to evaluate ocular
tumors include orbital ultrasonography (US) or ultrasound biomicroscopy, computed tomography (CT), magnetic

resonance imaging (MRI), and photoacoustic imaging (PAI).46:47.48

Kim et al. used photoacoustic (PA) imaging to visualize eye tumors (Figure 4E-F). To enhance the PA signals, the authors

used gold NPs.
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Figure 4. Photoacoustic imaging (PAl) and chemo-photothermal
effects of Dox-Fu@AuNPs in rabbit eye tumor model. (A) In vivo
infrared thermographic maps of eye tumors before and after
injection with Dox-Fu@AuNPs followed by laser illumination
at different times from 0s to 120 s. (B) Color photographs of
the rabbit eye tumors treated with saline as control, laser only,
Dox-Fu@AuNPs only, and Dox-Fu@AuNPs with laser irradiation.
(C) The graph indicates temporal development of temperature
from the irradiated area in the tumor during the laser irradiation
(laser only vs. Dox-Fu@AuNPs with laser irradiation: N = 20). (D)
Graph of tumor volume acquired before and after treatment
over a period of 14 days. (E) Photoacoustic imaging of rabbit eye
tumor before and after Dox-Fu@AuNPs injection. (F) Quantitative
photoacoustic signals obtained from different positions in the
rabbit eye tumor before and after injection of Dox-Fu@AuNPs.
Adapted with permission from Ref.*®

A big benefit of using gold NPs as an agent of drug delivery is its ability to also act as a contrast agent for visualization
of the tumor. After injection of 100 pl of 200 pg/ml of Dox-Fu gold NPs, the contrast of the tumor was 2.6 times higher
than the surrounding tissue. A 3D visualization of the tumor volume can also be constructed by combining a series of

B-scan cross-sectional images, allowing us to clearly see the borders of the tumor.
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PFnarmacotnerapies Tor ocular aiseases nave snown signITicant promise In recent years. However, there remain several
challenges that need further investigation, including the lack of effective treatments for some diseases, difficulty in
developing drugs that can penetrate the eye's barriers, limited understanding of the underlying mechanisms of some
diseases, and the high cost of treatments, which can make them inaccessible to some patients. In order to translate to
clinical applications, there are several factors that need to be addressed, such as the development of more effective
and specific treatments for specific ocular diseases, investigation of new drug delivery methods to improve treatment
efficacy and reduce side effects, and continued investment in research to improve our understanding of ocular
diseases and identify new targets for treatment. Recently, the gene therapy voretigene neparvovec-rzyl (Luxturna)
from Spark Therapeutics has been launched as a novel treatment technique to treat patients with Leber congenital
amaurosis but carries a very significant treatment cost for both eyes of more than $850,000. It would be beneficial to
reduce treatment costs to increase the use of gene therapy and regenerative medicine.

Conclusions

In conclusion, advanced nanopharmacotherapies represent a promising strategy for the treatment of ocular diseases.
These advanced techniques have been utilized to develop new and more effective therapeutics to deliver drugs to the
eye. However, significant challenges still remain, including the need to overcome the barriers that prevent drugs from
reaching their intended targets in the eye, and the need to improve our understanding of the underlying mechanisms
of ocular diseases. Despite these challenges, results to date provide evidence that advances in ocular therapeutics
advances in ocular therapeutics have the potential to revolutionize the treatment of ocular diseases and improve
patient outcomes. Further research and investment in this area is therefore critical to ensure that the benefits of these

advances are realized and that patients have access to the most effective treatments for their conditions.
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