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Abstract

The major purpose of this article is to evaluate oligochitosan coated cerium oxide nanoparticles 

(OCCNPs) alginate laden injectable hydrogels and their potential treatment for age-related 

macular degeneration (AMD). The water soluble OCCNPs were loaded within injectable 

hydrogels as antioxidative agents. The release of OCCNPs from hydrogel, radical scavenging 

properties, and biocompatibility were evaluated and calculated in vitro. The effects of OCCNP 

laden hydrogel downregulating expression of angiogenic proteins and pro-inflammatory cytokines 

were quantified in human retinal pigment epithlium-19 (ARPE-19) and umbilical endothelium cell 

lines. The hydrogels behaved with moderate swelling and controllable degradation. The laden 

OCCNPs were released in a controlled manner in vitro during two months of testing. The OCCNP 

loaded hydrogels exhibited robust antioxidative properties in oxygen radical absorbance capacity 

tests and reduced apoptosis in H2O2-induced ARPE-19 cells. Furthermore, OCCNP loaded 

injectable hydrogels are biocompatible and suppressed the LPS-induced inflammation response in 

ARPE-19 cells, and inhibited expression of vascular endothelium growth factor in human 

ARPE-19 and umbilical endothelium cell lines. The alginate-gelatin injectable hydrogel loaded 

OCCNPs are biocompatible and have high potential in protecting cells from apoptosis, 

angiogenesis, and production of pro-inflammatory cytokines in AMD cellular models.
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1. Introduction

Age-related macular degeneration is a leading cause of blindness in the western world, with 

a prevalence in people over 55 years of age, and the total number of patients is estimated to 

be 196 million by the year 20201. AMD may be divided into several stages or types. Over 

90% of AMD patients remain in the early or intermediate stage (known as dry AMD) which 

is caused by accumulation of drusen and degeneration of retinal pigment epithelium (RPE) 

cells, eventually leading to moderate or progressive vision impairment. Less than 10% of 

patients have acute neovascularization in choroidal (wet) AMD which may result in legal 

blindness1,2,3,4. The detailed pathophysiology of AMD remains elusive. However, there is 

growing evidence that both forms (dry and wet) are correlated with the elevated production 

of reactive oxygen species (ROS) caused by the chronic inflammation, innate immune 

dysregulation, and aging that release several active mediators, including inflammatory 

cytokines, chemotactic molecules, and free radicals2,4,5. These factors may significantly 

raise the oxidative stress level in RPE cells and lead to inadequate removal of ROS as a 

result of lower antioxidant gene expression that has built up in the lipid waste between RPE 

layer and Bruch’s membrane. Subsequently, accumulation of abnormal extracellular material 

external to the RPE is associated with the development of choroidal neovascularization, 

which almost always damages the photoreceptor cells6–10.

Currently, there is no effective therapy available for dry AMD. There are no FDA-approved 

drugs for the dry form of AMD. The Age-Related Eye Disease Study (AREDS) was a major 

clinical trial sponsored by the NEI to investigate the effects of administration of various 

nutritional supplementation (vitamin C, vitamin E, beta-carotene, zinc and copper)11. Newer 

formulations (AREDS2) replace beta-carotene with lutein/zeaxanthin in the original AREDS 

formula to slow the progression to advanced AMD12,13. Although these supplements 

showed a ~25% beneficial effect in reducing the risk of progression towards advanced dry 

AMD, the extremely short half-life, weak activity and high dose of the daily amounts 

correlated with cancer risk have shown mixed results. Recently, the United States Food and 

Drug Administration (FDA) has approved several anti-vascular endothelium growth factor 

(VEGF) drugs (e.g., Lucentis, Eylea, Macugen and Avastin)5,8,9. However, VEGF is a signal 

protein which supports the growth of new blood vessels in a normal human body, and 

chronic inhibition of VEGF may cause unwanted adverse effects on the retina. Due to the 

complex and multi-factorial nature of the disease (oxidative stress, inflammation, lipid and 

carbohydrate metabolism, and genetic risk), rather than a single, direct cause and effect, a 

single target may not be able to address the issues, but the problems could potentially be 

resolved if a therapeutic agent had multi-functionalities (e. g. anti-oxidative damage, anti-

inflammation, and anti-angiogenesis)2,5,11,13.

As such, the anti-oxidative strategy has been widely investigated as one promising means of 

treatment and/or prevention of both dry and wet AMD2,4. However, current dietary 

antioxidant supplements may not effectively postpone or slow the development of dry AMD. 

Thus, sustained antioxidants were developed to prevent ROS induced damage11. Nanoceria 

exists in either a +3 (Ce3+, reduced) or +4 (Ce4+, oxidized) oxidative state. This ability for 

auto-regeneration (to shift oxidation between the two states) is the most important property 

in terms of application in therapeutics and diagnostics14,15. Nanoceria has been proven to 
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scavenge a variety of super/peroxide and oxygen radicals in metabolism and remained active 

for an extended period in vivo16,17. Nanoceria may effectively reduce the ROS in a mouse 

model by upregulating neuro-protective gene expression and reducing the apoptosis of 

photoreceptors18. Studies have shown that nanoceria was preferentially retained in the retina 

with the absence of toxicity in a rat model19. There are also studies using nanoceria for anti-

inflammatory purposes by reducing free radicals and downregulating correspondence genes, 

thus finally eradicating the formation of drusen20.

Although nanoceria has been shown to keep catalytic activities, it may be hindered by low 

aqueous solubility and poorly controlled release. In addition, the outer environment where 

nanoceria is applied may significantly change the antioxidant properties (acidic 

environment, etc.)20,21. Recently, we have developed a water-soluble nanoceria22. To 

guarantee desirable therapeutic effects, a stable local environment with sustained release is 

preferred. Thus, injectable hydrogels were considered for this application23–25. Injectable 

hydrogels are in situ formation of crosslinked hydrophilic networks that provide a stable 

chemical environment with hydrophilicity, and hydrogels may be utilized as delivery 

vehicles for drugs, cells, genes, and nanoparticles26,27. The sustained release allows 

continuous delivery and homogeneous distribution of therapeutic payload, thus enhancing 

the treatment effects. There are a couple of studies on injectable hydrogels for treatment of 

AMD, using hydrogels to extend the lifespan of anti-VEGF drugs in intraocular delivery and 

improve the viability of RPE or photoreceptor cells for regeneration28,29, but, to the best of 

our knowledge, the combination of antioxidant agents and injectable hydrogels as the carrier 

for AMD have never been studies together before.

Here, we developed an injectable system that utilized natural oligochitosan coated nanoceria 

(OCCNP) and protein-based hydrogels to perform the studies. The hydrogels are 

biodegradable, biocompatible, and able to release therapeutic payload in a controllable 

manner. We chose commonly used retina pigment epithelium 19 (ARPE-19) cells, a human 

RPE cell line, and the human umbilical vein endothelial cells (HUVEC) as in vitro models 

of the disease. We demonstrated that the OCCNP laden injectable hydrogels have robust 

antioxidative and anti-inflammatory properties that may prevent the prevalence and 

development of early stage AMD. This system may serve as a potential solution for AMD 

treatment based on the success in clinical trials. In addition, the study would add a new, 

potentially powerful treatment option for use in treatments for several other diseases, such as 

neurodegenerative disorders, diabetic retinopathy, and vascular diseases, which are limited 

by current standard approaches.

2. Methods & Materials

Alginate (sodium salt from brown algae, 4–12 cP, bioreagent), chitosan (50–150 kDa 

molecular weight, >80% degree of deacetylation, from algae), cerium chloride, calcium 

chloride, N-hydroxy-succinimide (NHS), Gelatin (type B, from bovine skin), and 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) were obtained from Sigma-Aldrich. 

Ammonium hydroxide and hydrogen chloride were obtained from BDH.
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2.1 Synthesis of oligochitosan coated nanoceria

The synthesis of nanoceria was modified from our recent research22. 2 g Chitosan was 

dissolved in 100 mL 0.5 M HCl Solution at 70°C under constant stirring for 120 min. The 

reaction was stopped by adding 0.1 M NaOH solution to adjust pH value to 5. The solution 

was centrifuged at 5,000 rpm for 20 min, and the supernatant was collected and ultrafiltrated 

(10kDa molecular weight cut-off). 0.2 ml solution of 1.1 M CeCl3 was added to the 5 ml 

distilled H2O containing 60 mg oligochitosan under constant stirring at room temperature. 

0.1 ml 30% w/v ammonium hydroxide was slowly added and then stirred for 24 h at room 

temperature. The solution was adjusted to pH value 7.4 using acetic acid. Thereafter, the 

solution was centrifuged at 14,000 rpm for 20 min at room temperature. The precipitate was 

collected and dispersed in distilled H2O by ultrasonication. The OCCNP solution was 

ultrafiltrated and weighed, and the OCCNP was stored at ambient temperature.

2.2 Synthesis of alginate-gelatin injectable of hydrogels

The hydrogel synthesis was adopted from our previous research30. 5 mL 2% alginate 

aqueous solution was mixed with 5 mL 2% gelatin aqueous solution in 20 mL vial. Next, 40 

mg EDC and 30 mg NHS were added and reacted at ambient temperature for 24 h. The 

OCCNP were sonicated and mix with hydrogel precursors at concentrations of 0.1, 0.2, 0.5 

or 1 mg/mL in final. The hydrogel precursor was withdrawn through 1 mL medical syringes 

with 30-gauge needle.100, 25, 10 and 3 µL hydrogel precursor was injected into a mold (1.7 

mL centrifuge tube or 0.2 mL PCR tube) and the same volume of 0.05 M CaCl2 solution 

was injected spontaneously to finish ionic crosslinking. The crosslinking could be done 

within less than 10 minutes. The graphical illustration is shown in Figure 1. The swelling 

ratio of hydrogels were determined using following equation:

Swelling ratio = (M1 − M2)/M2 (1)

Where M1 is the mass of hydrogel and M2 is mass of polymer.

2.3 Characterization

The oligo-chitosan coated nanocerias were imaged using transmission electron microscope 

(TEM) under 80kV. The sample was prepared by dropping 5 µL OCCNP solution on 400 

mesh formvar/carbon coated copper grids. The diameter of nanoceria was calculated as the 

average of 10 randomly measured nanocerias.

Molecular device SpectraMax M5 fluorescence microplate reader was employed to 

determine the fluorescence intensity at 530 nm by 485 nm excitation for fluorescein 

detection and absorbance at 570 nm.

The absorption spectra of nanoceria and concentration was determined using a Thermo 

Scientific Nanodrop 2000c spectrophotometer. The maximum absorption of nanoceria was 

determined at 295 nm and concentration was determined using standard curve with degraded 

hydrogel background subtraction (Supporting information S4).
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The imaging of cells was conducted using the Carl Zeiss LSM-700 confocal fluorescence 

microscope and observer D1 fluorescence microscope with Zeiss AxioCam MRC camera. 

The images were processed by ZEN software.

2.4 Hydrogel degradation and nanoceria release

The hydrogels were formed with 0.2 mL volume with 1 mg/mL OCCNP loaded. The 

hydrogels were weighted and immersed in 10-fold volume phosphate buffer saline (PBS) 

solution in 60 mm diameter petri dish and kept at physiological temperature. Hydrogels 

were weighted and PBS was renewed periodically. The concentration of nanoceria released 

from hydrogels was measured using method mentioned above, and mass loss of hydrogels 

was directly weighed in dish.

2.5 Oxygen radical absorbance capacity (ORAC) assay

The procedure of ORAC was adopted from previously published articles14. 0.15 M 2-2’-

azobis(2-amidinopropane)-dihydrochloride (AAPH), and 20 µM (Trolox) was mixed in PBS 

at pH 7.4 in a 96-well plate in the presence of hydrogels and incubated for 30 min at 

physiological temperature and 0.2 µM fluorescein sodium salt (FL) was added. The wells 

were filled up with PBS and fluorescence intensity was measured at 530 nm by 485 nm 

excitation every minute for 6 h using a microplate reader. The relative fluorescence intensity 

was measured by the assay. The antioxidant capacity was calculated by measuring the area 

under curve (AUC) of the time dependent fluorescence intensity from the antioxidant 

(Trolox and hydrogels) and the blank. The assay contained 120 µL FL, 20 µL Trolox, 60 µL 

AAPH, and antioxidant (10, 20, or 50 µL Trolox, 20 µL OCCNP solution in 0.1, 0.2, 0.5 or 1 

mg/mL or hydrogels in 5, 10, or 20 µL or 10 µL nanoceria laden hydrogels with 0.1, 0.2, 0.5, 

or 1 mg/mL OCCNP) in various concentration, and the blank samples were at the absence of 

antioxidant or AAPH. The results were exhibited as the mean of triplicated samples from the 

following equation:

Antioxidant Capacity = nTrolox(AUCantioxidant − AUCblank)/(AUCTrolox − AUCblank) (2)

Where AUC is the area under curve of fluorescence intensity in test and nTrolox is the 

amount of Trolox.

2.6 Cell culture

All cell lines used in this study were purchased from American Type Culture Collection 

origin. ARPE-19 cells (10–20 passages) were cultured using Dulbecco's Modified Eagle 

Medium (DMEM) /F12 (Gibco) media supplied with 1M (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) (HEPES) buffer, 10% fetal bovine serum (FBS), 56 mM final 

concentration sodium bicarbonate and 1% antibiotic- antimycotic (complete medium)31,32. 

HUVEC cells were grown in HuMec (Gibco) with supplements and 5% FBS. The incubator 

was set at 37°C with 5% CO2 supply and medium was renewed every 3 days. The 

morphology was observed with an inverted phase optical microscope. Monolayers were 

harvested with 0.05% Trypsin-EDTA. The number of cells were counted using a 

hemocytometer.
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2.7 Nanoparticle uptake, hyperoxia damage, cell viability, anti-angiogenesis, and anti-
inflammation test

1 mL 0.5 mg/mL OCCNP was incubated with 5-sulfodicholorphenol (SDP) ester conjugated 

Alexa Fluor (AF) 488 dye for 8 h in a dark environment. The nanoceria was ultrafiltrated 

against distilled H2O three times. The dye conjugated nanoceria was added to ARPE-19 

cells and cultured on poly-L-lysine coated glass cover for 48 h, then cells were imaged under 

a confocal fluorescence microscope with 4',6-diamidino-2-phenylindole (DAPI), and AF 

555 labeled tubulin antibody.

The harvested ARPE-19 cells were dispensed in serum-free medium, and 2×105 cell/well 

suspension was seeded on a 6-well plate with 0.1, 0.2, 0.5, or 1 mg/mL OCCNP. Each well 

was treated with 2 mM H2O2 for hyperoxia damage and cultured for 24 h. The cells were 

incubated with Live/Dead assay (Life Technologies) in ambient temperature for 10 min. The 

hyperoxia tests were analyzed using fluorescence imaging and mean of green/red channel 

histograms were used for live/dead cell comparison. The cell viability assay using MTT 

assay are in supporting information.

For anti-angiogenesis test, ARPE-19 cells, and HUVEC cells were seeded on a 6-well plate 

with 1 mg/mL OCCNP, blank hydrogels, and 1 mg/mL OCCNP laden hydrogels. ARPE-19 

cells were treated with 0.5 mM H2O2. Cells were cultured for 24 h and harvested for western 

blotting analysis. For anti-inflammation test, 10µg/mL lipopolysaccharides (LPS) was added 

to serum-free media and cultured for 24 h before harvested for analysis. The cytokines 

expression was analyzed using western blotting with F4/80 antibody and cytokines were 

quantified using real time-polymerase chain reaction (RT-PCR) (Supporting information).

2.8 Statistical method

All experiments were performed in triplicate. All quantitative data were expressed as the 

mean and standard deviation of triplicates in hydrogel degradation, nanoceria release, 

ORAC, and live/dead assay. The data were analyzed by one-way and two-way analyses of 

variance (ANOVA) as appropriate, and a p-value less than 0.05 was considered significant.

3. Result

3.1 Properties of OCCNP and alginate-gelatin injectable hydrogels

The OCCNP was prepared using precipitation of cerium chloride, and oligochitosan served 

as the matrix to bind with nanoparticles and provide solubility to nanoceria in aqueous 

phase. The weight ratio of nanoceria in nanocomposite is around 50% by weighing 

precipitate. The dispersion of OCCNP remained stable in acidic and neutral pH. From TEM 

images (Figure 1), the nanoceria spheres prepared in oligochitosan solution rendered a 5 nm 

average dimension for individual nanoparticles, and the chitosan bonded several nanoceria 

together and formed chitosan-ceria nanocomposites with 135 nm averaged dimension in 

aqueous phase and dehydrated chitosan coated nanoceria around 100 nm dimension 

(supporting information S1 and S2). Based on this result, the concentration of 0.5 mg/mL 

OCCNPs could be estimated to be 0.99 µM based on 7.65 g/cm3 bulk density of ceria14. The 

results from the particle sizer reflected the overall dimension in the aqueous phase, and 
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oligochitosan rendered stability in ambient temperature for an extended time. The detailed 

characterization and properties of chitosan coated nanoceria are available in a previous 

publication22.

The hydrogels were designed to form in an easy manner with presence and absence of 

OCCNP using chemical crosslinking of carboxyl acid groups and amino groups and alginate 

ionic crosslinking (Figure 1). Thus, the hydrogels precursor was synthesized using 

biocompatible EDC/NHS crosslinking, and injection was completed using precursor and 

calcium ions. The water content of hydrogel at equilibrium exceeded 95% after 4 days 

swelling test (Figure 2a), and water content increased with nanoceria content (supporting 

information S3). The transparent hydrogels could easily form in different volumes (100 µL, 

25 µl, 10 µl, and 3 µL) and shapes which may lead to potential for ophthalmic applications in 

multiple species and use for other tissues with minimal modification (Figure 1). The detailed 

characterization and properties of standalone alginate-gelatin injectable hydrogels are 

available in a previous publication30.

The hydrogels were degraded in a controlled manner, with data shown in Figure 2b. The 

degradation was conducted over a 2-month period, and the profile briefly came in a linear 

manner (R2=0.961). The hydrogels lost around 50% weight in the degradation test at 

physiological temperature and pH. The release of nanoceria briefly led to the function of 

hydrogels degradation in a linear form (R2=0.975), which reached over 70% during a 2-

month period. The release profile was close to a zero order release model during the test, and 

the release of nanoceria was correlated with the degradation of hydrogels in vitro (Pearson’s 

r=0.9929), indicating that the OCCNPs were mainly released with hydrogels degradation 

from the release profile.

3.2 Synergistic anti-oxidization of OCCNP laden injectable hydrogels

To assess self-regenerative antioxidant properties of OCCNP, we performed a reduction test. 

H2O2 was dropped into OCCNP solution and the light yellow-colorless was changed to deep 

yellow, and the solution recovered yellowish-colorless after 7 days as the result of Ce3+ 

(Figure 3a). The mechanism of reaction was that Ce3+ and Ce4+ were donor-receptor of 

electrons and the vacancy and defects in ceria crystal lattice surface captured oxygen 

radicals19. This auto-regenerative property of nanoceria makes it a potential antioxidant and 

therapeutically useful for oxidative stress-related disorders, such as AMD.

ORAC is a widely used assay that measures antioxidant capacities in biological samples in 
vitro14. In ORAC test, OCCNP solution achieved strong antioxidant properties. The amount 

of OCCNP was at the same level of 6-hydroxy-2,5,7,8- tetramethylchromane-2-carboxylic 

acid (Trolox) (Equation 2). The increase of antioxidant capacity was briefly the function of 

OCCNP concentration, and 20 µL 1 mg/mL OCCNP equaled 7.1 nmol Trolox, which is 

estimated to be 355 µL 20 µM Trolox solution. The combination of alginate-gelatin 

injectable hydrogels and low molecular weight alginate also exhibited the antioxidant 

properties33,34. The increase of hydrogel volume also improved the radical scavenge 

capacity, and 20 µL hydrogels equaled 7 nmol Trolox solution. When combining OCCNP 

and injectable hydrogels, a more powerful antioxidant was created (Figure 3b). The radical 

scavenge capacity of ceria laden hydrogels was essentially the sum of capacity OCCNP and 
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blank hydrogels, and 20 µL 1 mg/mL OCCNP laden hydrogels equaled over 20 nmol Trolox 

solution. Therefore, the OCCNP laden hydrogels behaved with robust radical scavenging 

properties and may provide a long-term antioxidant solution for free radical associated 

oxidative stress in retinal diseases.

3.3 OCCNP laden hydrogels maintain cellular viability and prevent hydrogen peroxide-
induced apoptotic cell death in ARPE-19 cells

To evaluate the uptake and distribution of the nanoceria, AF488 conjugated OCCNPs were 

added to ARPE-19 cells. As shown in Figure 4a, the cells took up a large proportion of dye 

conjugated OCCNP in cytoplasm within 48 h. The blank area in green channel indicated 

OCCNPs did not enter the nucleus of cells. Water-soluble OCCNPs allowed for easy 

penetration of plasma membrane according to previous studies14. Chitosan matrix can be 

degraded by lysosome, and individual nanoceria functions as the mediator of ROS in cells35.

The H2O2 hyperoxia treatment simulated the oxidative stress damage in the in vitro culture 

of ARPE-19 cells. From the result in Figure 4b, we found severe cell damage and death 

(over 30%) in the H2O2 groups with the absence of nanoceria. The presence of nanoceria 

effectively reduced the ratio of dead or damaged cells (P=0.0357, one-way ANOVA), and 

0.1 and 0.2 mg/mL OCCNP reduced the number and fraction of dead cells. The evidence of 

cell death or damage was hard to observe by using 0.5 and 1 mg/mL nanoceria. Moreover, 

there was no significant morphology change in cells found in hyperoxia treatment using 

nanoceria.

Cell viability of ARPE-19 cells cultured with OCCNP and hydrogels was also characterized 

(Figure 5). The blank hydrogels and OCCNP laden hydrogels facilitated cell proliferation on 

the first day, and the number of live cells also kept the similar tendency on day 3. Decreased 

cell viability was found with higher concentration of OCCNP on 5-day culture, but this 

effect is not statistically significant (P=0.6227). A possible explanation is that pH changes in 

a culture environment switch OCCNP to oxidative levels15,20,21. Studies have shown that the 

antioxidant properties of nanoceria are optimal at physiological pH, but it may behave as 

oxidative at low pH level. After 5-day culture with standalone OCCNP, the lowered pH 

rendered higher oxidative level and inhibited the proliferation of ARPE-19 cells. 

Nonetheless, this phenomenon can be diluted by combining OCCNP with hydrogels (Figure 

5). From this aspect, the OCCNP laden hydrogels can be considered biocompatible and non-

toxic, which can serve as a desirable sustained delivery vehicle of OCCNP.

3.4 OCCNP laden hydrogels reduce expression of the pro-angiogenic factor VEGF in 
multiple angiogenesis-related cells

To determine whether OCCNP laden hydrogels have the ability to inhibit angiogenesis, we 

next investigated whether the treatment affects the stability of VEGF expression in vitro. 

From western blotting analysis of cells lysate of H2O2 treated ARPE-19 and HUVEC, it was 

shown that the expression of VEGF was substantially inhibited (P=0.0001 and 0.0003) using 

nanoceria or the hydrogel with OCCNP (Figure 6), which matches the previous research 

result that ROS scavenging materials may downregulate the expression of VEGF36. The 

hydrogel without nanoceria also downregulated VEGF expression in both cell lines. It is 
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likely due to the antioxidative property of the alginate hydrogels, which is linked to their 

inherent antiangiogenic activity33,36. Consistent with the antioxidative studies, the OCCNP 

laden hydrogels significantly reduced VEGF expression in H2O2 treated ARPE-19 and 

untreated HUVEC cell lines.

3.5 Oligochitosan coated nanoceria-laden hydrogels inhibit LPS induced inflammatory 
response in ARPE-19 cells

Studies have shown that nanoceria has anti-inflammatory properties37,38. To examine 

whether OCCNP laden hydrogels have anti-inflammatory effects, we treated ARPE-19 cells 

with LPS to induce inflammation and found that inflammatory reactions were significantly 

reduced by the treatment of OCCNP, hydrogels, and/or OCCNP laden hydrogels as revealed 

by western blot using a macrophage marker, F4/80 (Figure 7, left panel).

The analysis of LPS induced cytokine expressions were also quantified with RT-PCR 

(Figure 7, right panel). After adding LPS, the amount of IL-6 was reduced ~40% in 

ARPE-19 cells using OCCNP or injectable hydrogels; the reduction was not statistically 

significant, but the significance was achieved by OCCNP laden hydrogels (P=0.0420). The 

downregulation of TNF-α were significant using both OCCNP and OCCNP laden 

hydrogels. The expression of IL-6 and TNF-α is considered ROS associated, and OCCNP 

decreased the amount of cytokines produced as a response to oxidative level. The 

suppression of caspase-3 and NLRP-3 was statistically significant using OCCNP laden 

hydrogels (P=0.0196 and 0.0179). The OCCNP downregulated the expression of caspase-3 

by 36% and NLRP3 over 45%, although the reduction of caspase-3 was not statistically 

significant. It indicated that the OCCNP and OCCNP laden hydrogels could have good 

efficacy in reducing apoptosis related protein expression, thus having the potential to protect 

photoreceptors and RPE cells. The alginate moiety has been reported as an anti-

inflammatory agent26. However, the alginate-gelatin hydrogels did not largely decrease the 

cytokine production induced by LPS. The combination of OCCNP and hydrogels exhibited 

synergistic antioxidative properties and remarkably downregulated the pro-inflammatory 

proteins expression.

4. Discussion

The prevention of onset or worsening of AMD requires addressing multiple factors. 

Nanoceria can assist prevention by controlling ROS, inhibiting VEGF, and mitigating 

inflammatory reaction19,38,39. Conventionally, the administration of nanoceria via 

intravitreal injection remains a challenge due to its water-insoluble formulation21,37. The 

synthesis of nanoceria in the oligo-chitosan solution allows the homogenous dispersion of 

nanoceria in aqueous phase or hydrogels. The alginate-gelatin hydrogels can be injected and 

formed in a relatively easy manner, thus providing localized delivery and sustained release 

of nanoceria, and serving as an antioxidant and free radical scavenger upon injection. The 

sustained release could render more homogeneous intraocular dispersion of OCCNP and 

overcome the efficacy issues seen in conventional intravitreal injections.

Hydrogels have been studied for delivery of VEGF antibody drugs and delivery of stem cells 

for retinal regeneration40,41, but it remains a challenging job to completely mitigate 
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worsening vision in AMD patients, especially in early stage AMD. The combination of 

water soluble long-term antioxidants and controlled delivery vehicles may create a superior 

approach to treat early/intermediate stage AMD. As AMD is characterized by multifactorial 

pathological processes, including oxidative stress, inflammation, and angiogenesis which 

proceed through ROS, the antioxidant therapeutics on multiple pathogenic factors make it a 

promising drug candidate for the treatment of AMD, and may be superior to anti-VEGF 

therapeutics which focus on neovascularization only22. The alginate and gelatin contents of 

hydrogels are biocompatible and biodegradable, and have a large capacity to encapsulate 

adequate amounts of OCCNP. The self-regenerated nanoceria prevents RPE cells from 

oxidative damage and accumulation of drusen over a long period, and alginate-based 

hydrogels may also supply the capacity for oxygen radical scavenging and supplementary 

anti-inflammatory effects upon injection. Compared to other lipid removal treatment in trials 

that required repeated administration, the OCCNP injectable hydrogel may be strategically 

effective over an extended period of time42,

Furthermore, it has been found that the ROS may have direct influence on the secretion of 

cytokines (e. g. IL-6 and TNF-α) in several types of cell lines31,32,37,38. Inflammation is 

known to play a clear role in the development of AMD as well. The synergistic anti-

oxidative, anti-angiogenesis, and anti-inflammatory properties from both hydrogel and 

nanoceria can be provided upon injection, and nanoceria may serve as long-term protection 

of RPE cells. It should be noted that although the use of nanoceria laden hydrogel appears to 

be an attractive tool for AMD, these tests were displayed in in vitro cell lines (e.g., ARPE-19 

and HUVEC). While literatures have shown that ARPE-19 cells express several RPE 

specific markers (e. g. RPE65 and BEST1)32,43,44, further studies using primary human 

RPE, stem cell derived RPE, and animal models are anticipated to prove the therapeutic 

concept that the hydrogel formulations will be useful to treat AMD patient populations. Our 

goal is to use injectable hydrogel systems that have been developed by the current 

formulation with modification to serve as an alternative therapy for both dry and wet AMD.

5. Conclusion

This article introduced the combination of OCCNP and alginate-gelatin injectable hydrogels 

for antioxidative and anti-inflammatory purposes in a potential ophthalmic area. The 

OCCNP laden hydrogels can be injected, form in an easy manner, and sustain degraded 

release of the nanoparticles for long term antioxidation. ORAC assay proved that the 

OCCNP and hydrogels have large capacity to absorb reactive radicals, and nanoceria in 1 

mg/mL effectively prevented damage from oxygen free radicals. The OCCNP and hydrogels 

laden with OCCNP were biocompatible. The OCCNP and hydrogel with OCCNP also 

inhibited VEGF and inflammatory-related protein expression in AMD associated cell lines. 

Thus, the OCCNP laden injectable hydrogel has the potential to serve as a treatment option 

for both dry and wet AMD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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