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A B S T R A C T

Age-related macular degeneration (AMD) is the leading cause of blindness among elderly people worldwide. 
However, there are currently no effective treatments for AMD. Oxidative stress-induced retinal pigment 
epithelium (RPE) degeneration and the inflammatory response are the main causes of AMD. In this study, a 
polyethylene glycol (PEG)-coated rhodium nanozyme (PEG-RhZ) with excellent reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) elimination capability was synthesized for the treatment of AMD. PEG-RhZs 
protected RPE cell viability and barrier function upon exposure to oxidative stress stimuli. Additionally, 
microglial migration and iNOS, IL-1β and TNF-α expression were inhibited by PEG-RhZs. In the acute phase of 
the AMD model, PEG-RhZs significantly alleviated RPE oxidative damage and inhibited microglial activation. In 
the late stage of the AMD model, PEG-RhZs reduced photoreceptor loss and improved vision impairment. 
Furthermore, PEG-RhZs showed good biocompatibility and stability both in vitro and in vivo. Collectively, our 
findings suggest the therapeutic potential of PEG-RhZs for AMD treatment.

STATEMENT OF SIGNIFICANCE: AMD is a kind of retinal degenerative disease that poses heavy health burden 
globally. PEG-RhZs exhibiting robust ROS and RNS scavenging capabilities have shown promise in safeguarding 
retinal pigment epithelium (RPE) from oxidative stress, suppressing microglia activation and the secretion of pro- 
inflammatory molecules, mitigating loss of retinal photoreceptor cells, and ameliorating visual impairment. The 
commendable antioxidant properties, biological safety, and biostability of PEG-RhZs offer valuable insights for 
the clinical management of AMD.

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of 
blindness among elderly individuals. Over 8.7 % of the worldwide 
population has AMD, and the number of patients is expected to increase; 
by 2040, the number of patients may reach 288 million [1,2]. As a 
sight-threatening disease, AMD seriously affects people’s lives and pla-
ces a heavy economic burden on society. The etiology of AMD is complex 
and includes genetic, environmental, and lifestyle factors. Numerous 
studies have shown that oxidative stress-induced RPE degeneration 
plays a central role in AMD initiation [3–5]. RPE cells interact with 

photoreceptors, Bruch’s membrane, and choroidal capillaries. Due to its 
special location, the RPE phagocytoses photoreceptor outer segments, 
provides nutrition for photoreceptors and forms a part of the outer 
retinal blood barrier [1,3]. Photooxidative stress, pathological mito-
chondria, and compromised electron transport chain (ETC) components 
lead to reactive oxygen species (ROS) overproduction and RPE oxidative 
damage [3]. In addition, excessive ROS and oxidized lipoproteins acti-
vate the innate immune response in the retina of AMD patients. The 
recruitment of innate immune cells, such as microglia, causes retinal 
inflammation and the degeneration of photoreceptors [3,6,7]. In 
Ccr2-deficient mice, AMD-like degeneration induced by the lipid 
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peroxidation product carboxyethylpyrrole (CEP) can be alleviated, 
suggesting a deleterious role for these immune cells [8]. Moreover, in 
inflammation-prone Cx3cr1GFP/GFP mice, mononuclear cell-derived IL-1 
leads to severe photoreceptor degeneration [9].

According to their clinical features, AMD can be classified as dry or 
wet [1]. Dry AMD, also known as geographic atrophy (GA), is charac-
terized by progressing atrophy of the macula, whereas wet AMD or 
exudative AMD is related to choroidal neovascularization in the macula 
[1,4]. Dry AMD accounts for approximately 90 % of AMD patients, and 
this state can progress to wet AMD, leading to more severe vision loss. 
Although anti-VEGF drugs have been shown to delay the progression of 
wet AMD, there are currently no clinically approved therapies available 
to treat the more prevalent dry form [4]. Several genetic or other animal 
models have been developed to further understand the molecular 
pathobiology of dry AMD and to develop better therapies [7,10,11]. 
Sodium iodate (NaIO3) injection selectively induces RPE damage even 
when administered systemically, causing acute RPE cell death followed 
by a period of retinal inflammation and photoreceptor apoptosis, and 
outer retinal thinning is a widely used model of dry AMD [10,12]. Po-
tential therapeutic candidates, such as carotenoids, polysaccharides, 
flavonoids, vitamins, and resveratrol, have been tested in preclinical and 
clinical dry AMD studies [5,13]. Some of these compounds have been 
shown to alleviate oxidative stress, counteract inflammation, and relieve 
the symptoms of AMD [5]. However, their clinical use is still limited by 
their poor bioavailability, short biological half-life, and other pharma-
cokinetic/pharmacodynamic challenges [4,5,13]. Therefore, there is an 
urgent need for new strategies to intervene in and treat dry AMD.

In recent years, nanomaterials with enzyme catalytic properties 
(nanozymes) with potent efficiency at low doses, high stability under 
different conditions, and good biosafety have been widely used in the 
biomedical field [14,15]. Nanozymes can scavenge overexpressed ROS 
in cells and inhibit inflammation [16]. Nanoceria can switch between 
Ce3+ and Ce4+ and mimic the nature of antioxidant enzymes [17]. In 
light-damaged rat retina models, cerium oxide nanoparticles can 
decrease the intracellular concentrations of ROS, protect photoreceptor 
cells, reduce microglial activation, and prevent loss of vision due to 
light-induced degeneration of photoreceptor cells [17,18]. However, the 
potential toxicity of these nanozymes is considered to be a barrier to the 
clinical treatment of retinal degenerative disease [19]. Noble metal 
rhodium nanozymes (RhZs) with high chemical stability, adaptable 
electronic space, and strong potential to mimic the catalytic activity of 
natural enzymes and reduce oxidative stress have attracted the interest 
of researchers [20,21]. RhZ has high catalytic activity, mimicking su-
peroxide dismutase (SOD) and catalase (CAT), which can quench H2O2, 
O₂⁻, and OH⁻ to protect cells from oxidative damage [20]. Additionally, 
the cyclometalated rhodium (III) complex blocks NLRP3 inflammasome 
activity in macrophages and alleviates inflammatory bowel disease [22]. 
In dextran sulfate sodium-induced colitis, RhZs scavenge RONS, 
decrease the levels of proinflammatory cytokines (TNF-α and IL-6) at 

inflammatory sites, and promote regeneration of the colonic epithelium 
[21]. The addition of polyethylene glycol (PEG) to RhZs further en-
hances their tissue penetration and retention, which allows for better 
distribution and longer-lasting protection [19,21]. Based on the direct 
antioxidant activity, anti-inflammatory effects, and good biocompati-
bility of PEG-RhZ, we hypothesized that it could be a potential treatment 
for AMD.

Herein, we used in vitro and in vivo models that showed the satis-
factory biocompatibility and protective effects of PEG-RhZs on oxidative 
stress-induced degeneration of RPE cells as well as photoreceptors. In 
the early stage of AMD, the PEG-RhZs scavenged reactive oxygen spe-
cies, alleviated RPE damage, and reduced the activation of inflammatory 
cells in the retina. In the late stage, PEG-RhZs exerted sustained pro-
tective effects, decreased the number of apoptotic photoreceptor cells, 
maintained normal retinal thickness and structure, and reduced vision 
loss. Our data demonstrate that PEG-RhZ can be a new strategy for the 
treatment of AMD (Scheme 1).

2. Methods

2.1. Synthesis and characterization of PEG-RhZs

The PEG-RhZs were synthesized by a reduction method [23,24]. The 
rhodium chloride hydrate (50 mg) and mPEG-SH (40 mg, 2000 Da) were 
dissolved in water (80 mL) and stirred under nitrogen flow for 30 min. 
Then, the sodium borohydride (2 mg/mL, 9 mL) was added dropwise to 
reduce rhodium chloride. After reaction for 5 min at room temperature, 
the dispersion was dialyzed in deionized water for 2 days (MWCO: 8–12 
kDa), and the PEG-RhZs were collected by freeze-drying.

2.2. ROS-scavenging effects of PEG-RhZs

The antioxidant activities of PEG-RhZs were evaluated in the elimi-
nation efficacy toward different types of reactive oxygen and nitrogen 
species as our previous study [25].

2.3. Cell culture

ARPE-19 cells, BV2 cells and 661W cells were purchased from China 
Center for Type Culture Collection (CCTCC). BV2 cells were cultured in 
DMEM (GIBCO, Gaithersburg, MD, USA), while ARPE-19 cells and 661W 
cells in DMEM/F12 (GIBCO) supplemented with 10 % fetal bovine 
serum (GIBCO) and 1 % penicillin/streptomycin (Invitrogen) at 37 ◦C in 
a humidified atmosphere of 5 % CO2.

2.4. Animals and experimental procedures

C57BL/6 mice (male, 8-week-old) were purchased from Gem-
pharmatech (Nanjing, Jiangsu, China). Animals were given free access 

Scheme 1. Schematic illustration of therapeutic effects of PEG-RhZs for AMD. The PEG-RhZs scavenge ROS, inhibit microglia activation, alleviate RPE degeneration, 
stabilize the outer blood-retina barrier, and protect photoreceptors in AMD.
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to food and water in a 12 h light/12 h dark cycle environment. All an-
imal experiments were under the ARVO Statement for the Use of Ani-
mals in Ophthalmic and Vision Research and the guidelines approved by 
Animal Use and Care Committee of Tongji Hospital, at Huazhong Uni-
versity of Science and Technology, Wuhan, China.

Sterilized 0.5 % sodium iodate (SI) (Sigma-Aldrich, St. Louis, MO, 
USA) solution was freshly prepared, and diluted in phosphate-buffered 
saline (PBS). C57BL/6 mice were put in a plastic restrainer with a 
flexible stopper, and their tails were immersed in a 39–40 ◦C water bath 
for about a minute to cause sufficient dilatation of the lateral tail veins. 
Mice were injected with SI at a dosage of 35 mg/kg via the tail vein to 
induce RPE/retina degeneration. The control mice were injected with 
the same volumes of PBS.

PEG-RhZs were diluted in two concentrations: 500 ng/μL and 1000 
ng/μL. Different doses of PEG-RhZs (1 μg/1 μL and 0.5 μg/1 μL) were 
intravitreally injected into the respective experimental eyes 1 day before 
SI injection. The sham group received intravitreal injection surgery with 
1 μL PBS.

2.5. CCK-8 assay

CCK8 assay was conducted according to the manufacturer’s protocol 
(Yeasen, #40203). Briefly, cells were seeded in 96-well plates and 
exposed to different treatments. After twice rinsed by PBS, each well was 
added with a mixture of 90 μL culture medium and 10 μL CCK8 solution, 
incubated at 37 ◦C for 1 h. The absorbance at 450 nm was measured by 
using a microplate reader (BioTek Instruments, USA).

2.6. Cell death analysis

Cells were incubated with a culture medium containing 5 μM Pro-
pidium iodide (Beyotime, #ST511) and 1 μM Hoechst (Beyotime, 
#C1011) for 30 min at 37 ◦C. After incubation, cells were washed with 
PBS for 3 times. Then observed and photographed by fluorescent mi-
croscope (Olympus, Tokyo, Japan) and PI-positive dead cells were 
counted by Fiji ImageJ software (Version 2.0.0).

2.7. RNA isolation and gene expression analysis

Total RNA was extracted using the RNAiso Plus (TaKaRa, #9109) 
and quantified with a spectrophotometer (NanoDrop, Thermo Fisher 
Scientific, USA). cDNA synthesis was performed with 500 ng of total 
RNA using PrimeScript RT Master Mix (Yeasen, #11123), in which the 
genomic DNA was removed by DNase I digestion. The gene expression 
level was analyzed by quantitative PCR (qPCR) with SYBR Green 
Supermix (Yeasen, #11201) using Applied Biosystems 7300 Real-Time 
PCR System (Thermo Fisher Scientific). Related primers are listed in 
Table S1.

2.8. RPE flatmount

After the mice were euthanized, the eyeballs were enucleated, and 
then the extraocular tissues were cut under a dissecting microscope. 
Tenotomy scissor was used to 360◦ circumferentially cut the eyeball at 3 
mm posterior to the limbus. Two forceps were gently handled to sepa-
rate the cornea, lens and retina from vessels from the RPE-eyecups. Four 
radial relaxing incisions were made on the isolated eyecups with the RPE 
facing up. The flatmount was then fixed in 4 % paraformaldehyde for 15 
min and permeabilized with 0.1 % Triton X-100 for 30 min for further 
immunofluorescence procedures.

2.9. Immunofluorescence

Cells were seeded on glass coverslips and fixed in 4 % para-
formaldehyde for 15 min at room temperature. After washed twice with 
PBS, cells were permeabilized with 0.1 % Triton X-100 for 15 min and 

blockd with 5 % BSA for 1 h at room temperature. After immunostained 
with primary antibodies at 4 ◦C overnight, incubated with the secondary 
antibody for 2h at room temperature and then counterstained for 15 min 
with Hoechst or DAPI.

For retina tissues, eyes were enucleated and immediately embedded 
by opti-mum cutting temperature compound (SAKURA, #4583) at 
− 20 ◦C and then sectioned into 10 μm. Frozen sections and the RPE flat 
mounts for immunofluorescence were prepared using the same protocol 
as for the cells (see above). Images were captured with an inverted 
confocal microscope. Images were acquired using a confocal fluores-
cence microscope. The following antibodies were used for immunoflu-
orescence: anti-ZO-1 (Invitrogen, #1A12), anti-Iba1 (CST, #117198), 
anti-NF-κB p65(CST, #8242), anti-IκBα (CST, #15595), FITC Phalloidin 
(YEASEN, #40735ES75), Alexa Fluor 488-labeled anti-rabbit IgG (CST, 
#4412), Alexa Fluor 594-labeled anti-rabbit IgG (CST, #8889), Alexa 
Fluor 488-labeled anti-mouse IgG (CST, #4408), Alexa Fluor 594- 
labeled anti-mouse IgG (CST, #8890).

2.10. Cellular ROS activity and in situ measurement of tissue ROS

ROS can hydrolyze nonfluorescent probe DCFH-DA to DCFH and 
subsequently convert it to fluorescent DCF [26]. Cellular ROS produc-
tion was measured using a 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA) assay kit (Beyotime, #S0033). Briefly, the cells in the 
six-well plates were rinsed and incubated with 25 mM DCFH-DA at 37 ◦C 
for 30 min. The fluorescence intensity was examined by inverted 
confocal microscope.

Dihydroethidium (DHE) was used to detect ROS levels in retinas as 
previously described [27]. Briefly, 10 μmol/L DHE (Beyotime, #S0063) 
was added to 10 μm unfixed fresh cryosections and incubated for 30 min 
at 37 ◦C. Images were captured using an inverted confocal microscope.

2.11. Paracellular permeability assay

The paracellular permeability of monolayer RPE cells was assessed 
by measuring the passive movements of fluorescein isothiocyanate 
(FITC)-dextran (70 kDa, Sigma-Aldrich) as previously described [28]. 
ARPE-19 cells were seeded in the upper chamber of Transwell filters 
(Costar, 12 mm diameter, 0.4 μm pore-size membrane) and allowed to 
grow until confluence (Fig. 3g). Subsequently, cells were treated with SI 
(10 mM) with or without PEG-RhZ (20 or 50 mg/mL) for 24 h at 37 ◦C. 
After treatment, the culture medium was changed and 1 mg/mL of 
FITC-dextran was added to the upper chamber. Samples (100 μL) were 
obtained from the upper and lower chambers 1.5 h after the addition of 
FITC-dextran. The fluorescence intensity of these samples was quanti-
fied by a microplate reader (Synergy2, BioTek, Winooski, VT, USA) at 
485 nm of excitation and 528 nm of emission. The diffusion ratio (Diff) 
was calculated as follows: (Fluorescence intensity of FITC-dextran in the 
lower chamber)/(Fluorescence intensity of FITC-dextran in the upper 
chamber).

2.12. Scratch wound migration assay

BV2 cells were grown in 24-well plates till 70–80 % confluent. The 
monolayer of cells was then wounded with a sterile 10 μl pipette tip in a 
straight line along the diameter of the well. Images were captured at 0 h. 
Next, the original medium was replaced by a new medium according to 
different treatments. The cells were cultured for 24 h further, allowing 
migration into the open scratched area, and then images of cells were 
captured. The migration speed of BV2 cells was evaluated by counting 
the number of migrated cells in the wound place using the ImageJ 
software.

2.13. Protein extraction and western blot analysis

To extract total protein, cell lysis buffer (beyotime, #P0013J) 
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containing protease inhibitor cocktail (beyotime, #P1005) was added 
into harvested cells. In addition, cytoplasmic and nuclear proteins were 
extracted according to manuscript of the kit (beyotime, #P0027). 
Briefly, buffer A was added to harvested cells and following 5 s vortex, 
cytosol proteins in the supernatant were collected by centrifugation. 
Then nucleus in the precipitate were collected and nucleus protein were 
extracted by buffer B.

The protein samples were boiled for 10 min at 90 ◦C with loading 
buffer, separated with 10 % SDS-PAGE, and then transferred to poly-
vinylidene difluoride (PVDF) membranes. Subsequently, the membranes 
were blocked with 5 % nonfat milk in TBST for 1 h at room temperature. 
After that, the membranes were incubated overnight at 4 ◦C with pri-
mary antibodies. Then incubated with secondary antibodies for 1 h at 
room temperature. The protein was visualized by ECL kit (beyotime, 
#P0018) according to the manufacturer’s instructions. Relative protein 
expression level was calculated by ImageJ software. Antibodies used for 
WB were listed as follows: anti- NF-κB p65(CST, #8242), anti-phospho- 
NF-κB p65(CST, #3033), anti-IκBα (CST, #15595), anti-phospho-IκBα 
(CST, #2859), anti-GAPDH (CST, #5174), Anti-rabbit IgG HRP-linked 
(CST, #7074), Anti-mouse IgG HRP-linked (CST, #7076).

2.14. Optomotor response (OMR) assay

The OMR assay was performed as previously described [29]. In brief, 
mice were placed in a dark environment for 2 h to acclimate before 
starting the test. The OMR instrument consisted of a central elevated 
platform and surrounding computer monitors. During the measurement 
process, mice could move freely on the elevated platform. Vertical sine 
wave gratings of different spatial frequencies were displayed on the 
surrounding screens and moved clockwise at a constant speed of 12◦/s. 
The top camera recorded the mice’s responses to different gratings. 
Gradually increased the spatial frequency of the grating until the animal 
no longer responded to it. This procedure was repeated 10 times for each 
mouse. The spatial frequency response threshold of each mouse was 
calculated through the software’s program as visual acuity.

2.15. Histology and TUNEL staining

For histologic analysis, eyeballs from euthanized mice were fixed in 
FAS solution (Servicebio, #G1109) for 24h, and then gradient dehy-
dration and embedding in paraffin. The embedded tissue was cut into 4 
μm slices and stained by HE.

TUNEL staining was performed according to the manufacturer’s 
protocol (meilunbio, #MA0224). The frozen sections of mice eyeballs 
were washed three times by PBS, 1 % Proteinase K was added for per-
meabilization, and then washed away by PBS. Freshly prepared TUNEL 
working solution was added and incubated with the tissue at 37 ◦C in the 
dark for 60 min in dark. The excess working solution was washed with 
PBS 3 times. TUNEL-positive cells in were outer nuclear layer (ONL) 
were observed by fluorescence microscope and outer nuclear layer of the 
retina and analyzed by image J.

2.16. 5-Ethynyl-2′-deoxyuridine (EdU) assay

The effects of PEG-RhZs on cell proliferation were measured by EdU 
assay kit (Abcam, #ab219801) following the instruction of manuscripts. 
In brief, the cells were incubated with 20 μM EdU labelling medium at 
37 ◦C under 5 % CO₂ for 2 h and then fixed by 4 % paraformaldehyde. 
After incubation, the cells were washed twice and treated with per-
meabilization buffer for 20 min RT. Then EdU reaction cocktail was 
added to react with EdU for 30 min. Hoechst was used to stain cell nu-
cleus after EdU reaction. Images of EdU positive cells were captured 
using an inverted fluorescence microscope. The number of EdU positive 
cells were calculated by imageJ.

2.17. ICP-MS

Ocular distribution of Rh after intravitreal injection PEG-RhZs were 
determined by ICP-MS. Animals were sacrificed at different timepoints 
(6 h, 12 h, 1 day and 30 days after 1 μg PEG-RhZs intravitreal injection) 
and their eyeballs were harvested. The contralateral eye injected with 
PBS was used as control. The eyeballs were incised along the cor-
neoscleral limbus under anatomical microscope, and then the cornea, 
lens, retina and RPE-sclera tissues were carefully dissected by tweezers. 
The tissues were dissolved by HNO3 (1 % solution in DI water) and the 
dissolved tissue solution was filtered and injected into ICP-MS (Agilent 
7800). The amount of Rh in each sample was represented by the mean of 
3 repeated ICP-MS measurements.

2.18. Statistical analysis

All quantitative data were shown as mean ± standard deviation (SD). 
Statistical calculation was conducted with GraphPad Prism 7.0 software. 
Student t-test was used to compare the difference between two groups, 
while one-way ANOVA was used to analyze three groups and above. A p- 
value <0.05 was considered significant.

3. Results and discussion

3.1. Synthesis and enzymatic activities of PEG-RhZs

Rhodium nanoparticles with polyethylene glycol coatings (PEG- 
RhZs) were synthesized by the reduction of rhodium (III) chloride using 
SH-PEG as a polymeric stabilizer. Transmission electron microscopy 
(TEM) revealed that the PEG-RhZs had a spherical shape with an 
average diameter of 4.8 nm. High-resolution TEM (Fig. 1A and B) 
revealed the characteristic finger space of the Rh crystals. X-ray 
photoelectron spectroscopy (XPS) analysis (Fig. 1C) revealed the char-
acteristic peaks of Rh 3d, assigned to Rh (0) (306.2 eV, 310.9 eV) and Rh 
(III) (307.8 eV, 312.5 eV). The enzymatic activities of PEG-RhZs toward 
scavenging different types of reactive species were investigated 
(Fig. 1D–F). We first determined the superoxide dismutase (SOD)-like 
activity of PEG-RhZs on eliminating O2

•- using the nitro blue tetrazolium 
(NBT) photochemical reduction method [24]. PEG-RhZs effectively 
eliminated O2

•- in a dose-dependent manner, and the clearance rate 
reached 90.1 % at a concentration of 100 μg/mL. Similarly, PEG-RhZs 
significantly scavenged H2O2 in a dose-dependent manner, suggesting 
good catalase (CAT)-like activity. In addition, PEG-RhZs could also 
remove reactive nitrogen species (RNS), which was examined using 2, 
2-di-(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH). Over 80 % of 
DPPH• (200 μg/mL) was eliminated by PEG-RhZs (50 μg/mL). These 
results suggest that PEG-RhZs could effectively eliminate both ROS and 
RNS and could be potent antioxidant agents.

3.2. Biocompatibility of PEG-RhZs in vitro and in vivo

The viability of retinal cells and immune cells that could be readily 
exposed to PEG-RhZs was analyzed by a CCK8 assay. ARPE-19 cells 
(retinal pigment epithelial cell line), 661 W cells (photoreceptor cell 
line), and BV2 cells (microglial cell line) were subjected to PEG-RhZs at 
various doses (from 10 to 100 μg/mL) for 24 h. PEG-RhZs did not affect 
cell viability at a concentration of 100 μg/mL in any of these cells, as the 
cell viability was still greater than 95 % after 24 h of exposure 
(Fig. 2A–C). In addition, to assess the impact of PEG-RhZs on cell pro-
liferation, 5-Ethynyl-2′-deoxyuridine (EdU) assay was conducted to 
directly detect DNA synthesis in cells through EdU incorporation and 
subsequent click reaction [30]. Consistent with the CCK8 results, there 
was no significant difference in EdU staining rate between PEG-RhZs 
treated group and control group (Figs. S3A–D).

In vivo biosafety was evaluated after intravitreal injection of PEG- 
RhZs (1 μg per mouse) for 1 month. TUNEL assays revealed that PEG- 
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Fig. 1. Characterization of PEG-RhZs. (A) TEM image of PEG-RhZs. Scale bar, 10 nm. (B) TEM image of PEG-RhZs. Scale bar, 2 nm. (C) XPS spectra of PEG-RhZs. O2
•- 

(D), H2O2 (E), and DPPH (F) scavenging abilities of PEG-RhZs at different concentrations.

Fig. 2. Biocompatibility of PEG-RhZs. (A–C) Cell viability of ARPE-19 cells (A), 661W cells (B), and BV2 cells (C) treated with PEG-RhZs (0, 10, 20, 50, 100 μg/mL) 
for 24 h n = 8. Data were presented as the mean ± SD. (D) 1 month after PEG-RhZs (1 μg) were intravitreously injected, and the number of apoptotic cells in retinas 
was evaluated by TUNEL. Scale bar, 50 μm. n = 4. (E, F) Representative HE staining images of cornea and retina and quantitative analysis of their thickness. Scale 
bar, 100 μm. n = 4. Data were shown as mean ± SD. N.S., not significant.
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RhZ injection did not lead to retinal cell death (Fig. 2D and Fig. S2). 
Additionally, HE staining revealed that PEG-RhZs did not change the 
structure or morphology of eye tissues, such as the anterior segment 
cornea and posterior segment retina (Fig. 2E and F), further demon-
strating that PEG-RhZs are not toxic to the eyes. Subsequently, fresh red 
blood cells isolated from the whole blood of C57BL/6 mice were utilized 
to assess the potential risk of hemolysis. No discernible hemolysis was 
observed after incubation with PEG-RhZs varying from 0 to 100 μg/mL 
at 37 ◦C for 4 h (Fig. S4A). Quantitative analysis revealed that even at 

relatively high concentrations (100 μg/mL) of PEG-RhZs, the degree of 
hemolysis remained below 1 % (Fig. S4A). Moreover, fresh whole blood 
were harvested before and at 1 day and 30 days post intravitreal in-
jection of 1 μg PEG-RhZs. There were no significant alterations in typical 
hematological parameters (Figs. S4B–E) such as red blood cells (RBCs), 
white blood cells (WBCs), platelets (PLTs), and hemoglobin (HGB). Our 
results were consistent with previous reports at other tissue and cell 
levels [20–22], confirming the good biocompatibility of PEG-RhZs.

Fig. 3. PEG-RhZs scavenged ROS and protected RPE cells. ARPE-19 cells were treated with SI (2 mM) and PEG-RhZs (20, 50, and 100 μg/mL) for 24 h. (A, B) 
Representative fluorescence images of ROS by DCFH-DA assay and statistic analysis of the mean fluorescence intensity (MFI). Scale bar, 30 μm. n = 6. (C, D) 
Representative images and quantitative analysis of cell death by PI staining. Scale bar, 80 μm. n = 5. (E, F) Representative ZO-1 staining of ARPE-19 cells and 
quantitation of MFI. Scale bar, 30 μm. n = 5. (G) Schematic of paracellular permeability assay. (H) Quantitation of FITC-dextran diffusion through the RPE 
monolayer. n = 5. Data were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.3. PEG-RhZs protected RPE cells from ROS stimulation

ROS accumulation-induced RPE degeneration is the key pathogen-
esis of AMD [1,3,4]. The RPE cells situated between the photoreceptor 
and the choroid, is a highly metabolically active cell responsible for 
continuous phagocytosis of shed outer segment membrane disks from 
the photoreceptor, absorption of light scattering, and provision of nu-
trients to the photoreceptor [31]. Prolonged exposure to light leads to 
accumulation of reactive oxygen species and photo-oxidized lipids and 
proteins, exacerbating oxidative damage in RPE [31]. Considering the 
ROS scavenging capability of PEG-RhZs, we detected the ROS levels in 
the SI-treated ARPE-19 cells treated with and without PEG-RhZs by 
DCFH-DA. Consistent with previous reports [32,33], ROS levels in 
ARPE-19 cells were significantly increased after 24 h of SI (2 mM) 

stimulation (Fig. 3A and B). However, intracellular ROS levels were 
obviously decreased upon PEG-RhZ treatment in a dose-dependent 
manner. Moreover, SI-induced oxidative damage was abrogated by 
PEG-RhZs. RPE cell viability increased from 46.96 % to 86.06 % as the 
concentration of PEG-RhZs increased from 0 to 100 μg/mL (Fig. S1). The 
anti-ROS and cell protection effects of PEG-RhZs were further confirmed 
by PI staining. The SI-induced RPE cell death rate decreased more than 
3-fold when 100 μg/mL PEG-RhZs was added (Fig. 3C and D).

RPE plays a crucial role in maintaining the integrity of the outer 
blood-retinal barrier, regulating the transport of essential nutrients and 
toxic molecules between the retina and choroid [31]. ROS accumulation 
disturbs ZO-1 expression and leads to RPE barrier function loss [34]. In 
our in vitro ROS-induced RPE model, ZO-1 almost completely dis-
appeared (Fig. 3E and F), and the permeability of the RPE monolayers to 

Fig. 4. PEG-RhZs inhibited microglia inflammatory response. (A) Intracellular ROS levels of BV2 cells by DCFH-DA. Scale bar, 30 μm. n = 5. (B) Western Blot 
analysis of total NF-κB p65, Phospho-NF-κB p65, total IκBα, Phospho-IκBα and GAPDH protein expression in BV2 cells upon different treatments. n = 5. (C) Wound 
healing assay analysis of migrated BV2 cells. Scale bar, 100 μm. n = 6. (D–F) Relative mRNA expression of iNOS, TNF-α and IL-1β in BV2 cells examined by 
quantitative PCR (qPCR). n = 6. Data were presented as the mean ± SD. **P < 0.01, ***P < 0.001. (G) Schematic of the anti-inflammatory process of PEG-RhZs 
on microglia.
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FITC-dextran increased more than 5-fold (Fig. 3G and H). Notably, 
PEG-RhZs remarkably maintained ZO-1 expression and the barrier 
function of the RPE upon SI stimulation (Fig. 3E–H). The protective ef-
fects of PEG-RhZs on ZO-1 expression and barrier function of the RPE 
cells hinted its potency of maintaining blood-retinal barrier integrity 
and retinal homeostasis.

3.4. PEG-RhZs inhibited the microglial inflammatory response

In addition to RPE degeneration, ROS leads to overreactive neuro-
toxic microglia, which release numerous proinflammatory and cytotoxic 
factors, including tumor necrosis factor-α (TNF-α), further aggravating 
AMD progression [4,6]. Thus, we next observed the effects of PEG-RhZs 
on microglial activation. It has been widely reported that lipopolysac-
charide (LPS) stimulation can activate microglia and promote proin-
flammatory mediator expression [35,36]. LPS (1 μg/mL) was used to 
activate the murine BV2 microglial cell line. Similar to their role in RPE 
cells, PEG-RhZs significantly cleared LPS-induced ROS (Fig. 4A and 
Fig. S5A). In addition, the qPCR results showed that the increase in the 
levels of inducible NO synthase (iNOS), TNF-α and IL-1β induced by LPS 
was inhibited by PEG-RhZs (Fig. 4D–F). Under pathological conditions, 
iNOS might continuously produce high levels of NO to exacerbate 
neuronal damage and upregulate inflammatory mediators to recruit 
more inflammatory cells [37,38]. The downregulation of iNOS by 
PEG-RhZs disrupts a critical step in the vicious cycle of inflammation 
and tissue damage.

The inflammatory processes, exacerbated by TNF-α and IL-1β, were 
considered as pivotal events in the pathogenesis of AMD. IL-1β exhibits 
potent pro-inflammatory activity and can stimulate the production of 
various pro-inflammatory mediators, including cytokines and chemo-
kines [39]. Locally, IL-1 signaling leads to upregulation of adhesion 
molecules, facilitating lymphocyte recruitment and further amplifica-
tion of inflammation [39]. In oxidative stress damaged retinas, activated 
neurotoxic microglia release IL-1β, thereby creating a pro-inflammatory 
environment that promotes recruitment of retinal microglia and infil-
tration of monocytes from external sources, ultimately resulting in 
progressive degeneration of photoreceptors [17,18]. Besides, IL-1β can 
induce secretion of VEGF, and treatment with IL-1Ra, an inhibitor of 
IL-1β, can significantly suppress CNV. The excellent IL-1β inhibition 
effects of PEG-RhZs on LPS stimulated BV2 cells suggested its thera-
peutic potential in immune disorder related disease, such as AMD, in-
flammatory bowel disease, and arthritis. TNF-α is also a pleiotropic 
pro-inflammatory cytokine implicated in various diseases. It can 
up-regulates VEGF production by activating β-catenin, thereby pro-
moting the formation of choroidal neovascularization (CNV). 
Conversely, treatment with anti-TNF-α reduces the size and leakage of 
CNV in mice. In addition, increased expression of TNF-α has been 
observed in patients with dry AMD. Therefore downregulation of TNF-α 
through PEG-RhZs treatment might alleviate the progression of AMD, 
including CNV formation and leakage.

The increased migration of microglia in response to inflammatory 
factors is an indicator of neuroinflammation [40]. Hence, we deter-
mined the effects of PEG-RhZs on BV2 cell migration. As shown in the 
scratch wound migration assay, the increase in cell migration induced 
by LPS treatment was significantly reversed by PEG-RhZs (Fig. 4C and 
Fig. S5B). To further investigate the inhibitory mechanism of PEG-RhZs 
on the BV2 inflammatory response, the NF-κB signaling pathway, which 
regulates the expression of many inflammatory genes [41], was detected 
by western blot. We found that PEG-RhZs alone did not influence the 
protein levels of total NF-κB p65, phospho-NF-κB p65 (p-NF-κB p65), 
total IκBα or phospho-IκBα (p-IκBα). While, in LPS-activated BV2 cells, 
PEG-RhZs treatment inhibited the phosphorylation of NF-κB p65 and 
IκBα and upregulated total IκBα (Fig. 4B and Figs. S5C–D). There was no 
significant change of total NF-κB p65 protein level among PEG-RhZs, 
LPS and LPS + PEG-RhZs groups (Fig. 4B). Upon LPS stimulation, the 
IKK complex phosphorylated IκBα which then was ubiquitinated and 

degraded, while NF-κB p65 translocated to the nucleus and regulated 
gene transcription [42]. Due to the significant inhibition effects of 
PEG-RhZs on phosphorylation of NF-κB p65 and IκBα, we further 
detected the nuclear localization of NF-κB p65. Nucleocytoplasmic 
separation assay and immunofluorescence (Figure S5E-H and 
Figure S6A-B) showed nuclear translation of NF-κB p65 was significantly 
suppressed by PEG-RhZs through upregulation of cytoplasmic IκBα. 
Taken together, the phosphorylation of IκBα and NF-κB p65 triggered 
the nuclear translocation of NF-κB p65 and transcriptionally activated 
downstream inflammatory gene expression (Fig. 4H). In conclude, these 
results suggested that PEG-RhZs effectively suppressed LPS-induced ROS 
production, NF-κB activation, proinflammatory factor expression, and 
BV2 cell migration, which might be used to alleviate neuroinflammation 
in AMD.

3.5. Therapeutic effects of PEG-RhZs during the acute period in the AMD 
model

To avoid nasolacrimal drainage and the barrier of cornea, anterior 
chamber and lens, PEG-RhZs were administered by intravitreal injec-
tion. The in ocular biodistribution of PEG-RhZs was determined by ICP- 
MS at 6 h, 12 h, 1 day, 7 days and 30 days after intravitreal injection of 1 
μg PEG-RhZs. Rh contents in cornea, lens, and retina peaked 12 h after 
injection while the Rh content in RPE-Sclera peaked 1 day after injec-
tion. The peak values of Rh in cornea, lens, retina and RPE-Sclera were 
0.0082 μg/g, 0.0466 μg/g, 1.8955 μg/g and 1.4994 μg/g respectively 
(Figs. S7A–D). These results demonstrated that intravitreal injection of 
PEG-RhZs were suitable to treat retinal and RPE related disease. 
Furthermore, Rh in cornea and lens were cleared 30 days postinjection 
as there were no difference between PEG-RhZs group and PBS group, 
while small amount of Rh still existed in the retina and RPE-Sclera 
(Fig. S7E). Prolonged retention of PEG-RhZs allowed for avoidance of 
repeated injection.

SI administration specifically induces RPE oxidative damage, and 
subsequent retinal neurodegeneration has been well documented as 
AMD model [32,33,43–45]. We generated an SI-induced AMD model 
and investigated the potential therapeutic efficacy of PEG-RhZs. Sche-
matic illustrations of the administration approach and timeline are 
provided in Fig. 5A. The ROS content in the retina was assessed by 
superoxide-sensitive fluorescent dye dihydroethidium (DHE). DHE 
staining revealed that the SI-induced increase in ROS levels was reduced 
by PEG-RhZs in a dose-dependent manner (Fig. 5B and Fig. S8). Quan-
titative analysis revealed that ROS in the retina decreased 5-fold after a 
single intravitreal injection of 1 μg of PEG-RhZs (Fig. S8), suggesting 
that PEG-RhZs markedly attenuated SI-induced oxidative stress in the 
retina. The morphology and barrier function of the mouse RPE were 
determined by phalloidin staining for F-actin and ZO1 staining for tight 
junction proteins respectively. The results indicated that SI treatment 
disrupted the hexagonal structure of the RPE and the interconnections 
between cells, while PEG-RhZs restored the cytoskeletal structure and 
ZO1 expression in the RPE (Fig. 5C and D). The results of the in vivo 
experiments were consistent with those of the in vitro experiments in 
ARPE-19 cells (Fig. 3E–H), which confirmed the protective effects of the 
PEG-RhZs on the structure and function of the RPE under ROS 
stimulation.

Because of the excellent anti-inflammatory effects of PEG-RhZs on 
microglia in vitro, we sought to verify whether PEG-RhZs could be 
applied to retinal inflammation in vivo. Immunofluorescence staining for 
the microglial marker Iba1 revealed that the number of microglia with 
an activated amoeboid-like morphology significantly increased 7 days 
after SI administration, while PEG-RhZs greatly alleviated microglial 
activation and infiltration in the mouse retina (Fig. 5E and Fig. S9). As 
microglia are the major form of innate immune cells in the retina and 
participate in retinal neuroinflammation [6,7], the inhibition of 
microglia by PEG-RhZs could suppress the retinal inflammatory micro-
environment in AMD.
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3.6. Therapeutic effects of PEG-RhZs in the late stage of AMD

One advantage of the application of nanozymes in biomedicine is 
that their pharmacokinetics, such as biodistributions, clearances, and 
long-term fates, can be determined by regulating their size, composition, 
surface charge, surface coating, or state of agglomeration [46]. In 
drug-induced liver injury (DILI), ceria nanozymes (CeNZs) exhibited a 
prolonged therapeutic window compared to that of N-acetylcysteine 
(NAC) and benefited patients in the late DILI stage [47]. Following with 
RPE degeneration and inflammatory cell activation, ROS and inflam-
mation lead to photoreceptor death and vision loss with disease pro-
gression [10,48,49]. Thus, to investigate the long-term effects of 
PEG-RhZs on the SI-induced AMD model, we checked the retina and 
vision function of the mice at 1month post intravitreal injection 
(Fig. 6A).

The use of a virtual optomotor task to measure spatial visual 
thresholds is a commonly used vision function test method [49,50]. The 
OMR results showed that PEG-RhZ treatment elevated the spatial 
threshold frequency of the mice, especially in the 1 μg PEG-RhZ-treated 
group, indicating that PEG-RhZ effectively protected the vision of the 
mice in the AMD model (Fig. 6B and C). TUNEL staining of the retina 
partially explained the vision-protective effects of PEG-RhZs (Fig. 5D 
and Fig. S10), as photoreceptor cell death was obviously attenuated by 
PEG-RhZs. Moreover, histologic examinations indicated that the accu-
mulation of pathological debris almost disappeared and the structure of 
photoreceptors restored after PEG-RhZ administration (Fig. 6E). The 
thickness of the retina outer nuclear layer (ONL), which represents the 
nucleus of the photoreceptors, was measured in the central and pe-
ripheral retina and quantified separately (Fig. S11). The quantitative 
analysis of ONL thickness showed that PEG-RhZs mitigated 

Fig. 5. PEG-RhZs alleviated SI-induced retinal oxidative stress, microglia activation, and RPE damage. (A) The administrative procedure and timeline are sche-
matized. (B) In situ superoxide in the retina is indicated by dihydroethidium (DHE) staining. Scale bar, 50 μm. n = 5. (C, D) F-action and ZO-1 staining of RPE 
flatmount. Scale bar, 50 μm. n = 5. (E) Iba1 staining of retina sections. Scale bar, 50 μm. n = 5.

Q. Sun et al.                                                                                                                                                                                                                                     Materials Today Bio 28 (2024) 101230 

9 



photoreceptor loss in both the central and peripheral retina (Fig. 6F and 
G). These results suggested that PEG-RhZs had long-term protective ef-
fects on photoreceptor cells and vision function in the AMD model.

4. Conclusion

AMD is attributed to various complex causes, such as retinal pigment 
epithelial damage from oxidative stress, inflammatory activation, and 
photoreceptor damage [4,6]. Previous studies have shown that some 

small molecule antioxidants and natural antioxidants possess certain 
antioxidant effects, but their limited use is due to issues like poor 
pharmacokinetics, inadequate activity and stability, and safety prob-
lems [32,45]. To address these challenges, nanomaterials with superior 
properties were explored to prevent AMD.

PEG-RhZs Nanozymes with ROS and RNS activities were developed. 
The PEG-RhZs can efficiently eliminate overproduced intracellular 
oxidatively active substances and exhibit good biocompatibility with 
retinal cells, immune cells and ocular tissues such as the cornea and 

Fig. 6. PEG-RhZs protected photoreceptors and mice vision at a late stage. (A) The timeline of administrative procedure. (B) The schematic of OMR assay. (C) 
Quantitative analysis of threshold spatial frequency in OMR test. n = 7. (D) TUNEL staining of retina sections. Scale bar, 50 μm. n = 7. (E) HE staining of retina 
sections. The retinal photoreceptor external segments (POS) were disrupted (black stars) and drusen-like deposition formed (black arrows). Scale bar, 50 μm. n = 7. 
(F, G) The ONL thickness of the central and peripheral retina was quantified. n = 7. Data were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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retina. Apart from its antioxidant properties, PEG-RhZ also hinders 
microglial activation and the release of pro-inflammatory factors by 
suppressing NF-κB activation. A single intravitreal injection of PEG-RhZs 
can safeguard RPE cells from oxidative stress and impede microglia 
activation in the retina. Even after thirty days post-injection, PEG-RhZ 
continues to offer protection to photoreceptor cells and can mitigate 
vision loss in AMD model mice.

In summary, we developed an Rh-based nanozyme that mimics the 
natural antioxidant enzyme abilities. Upon a single intravitreal injec-
tion, it efficiently eliminates reactive oxygen species and exhibits pro-
longed efficacy in retinal degeneration. This study sheds light on the 
advancement of nanozymes with versatile enzyme-mimicking capabil-
ities and presents promising alternatives for AMD treatment.
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