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Introduction: Glaucoma is a prevalent cause of irreversible vision impairment, characterized by progressive retinal ganglion cells 
(RGCs) loss, with no currently available effective treatment. Rapamycin (RAPA), an autophagy inducer, has been reported to treat 
glaucoma in rodent models by promoting RGC survival, but its limited water solubility, systemic toxicity, and pre-treatment 
requirements hinder its potential clinical applications.
Methods: Chitosan (CS)-RAPA carbon dot (CRCD) was synthesized via hydrothermal carbonization of CS and RAPA and 
characterized by transmission electron microscopy, Fourier transform infrared spectra, and proton nuclear magnetic resonance. In 
vitro assays on human umbilical cord vein endothelial and rat retinal cell line examined its biocompatibility and anti-oxidative 
capabilities, while lipopolysaccharide-stimulated murine microglia (BV2) assays measured its effects on microglial polarization. In 
vivo, using a mouse retinal ischemia/reperfusion (I/R) model by acute intraocular pressure elevation, the effects of CRCD on visual 
function, RGC apoptosis, oxidative stress, and M2 microglial polarization were examined.
Results: CRCD exhibited good water solubility and anti-oxidative capabilities, in the form of free radical scavenging. In vitro, CRCD 
was bio-compatible and lowered oxidative stress, which was also found in vivo in the retinal I/R model. Additionally, both in vitro 
with lipopolysaccharide-stimulated BV2 cells and in vivo with the I/R model, CRCD was able to promote M2 microglial polarization 
by activating autophagy, which, in turn, down-regulated pro-inflammatory cytokines, such as IL-1β and TNF-α, as well as up-regulated 
anti-inflammatory cytokines, such as IL-4 and TGF-β. All these anti-oxidative and anti-inflammatory effects ultimately aided in 
preserving RGCs, and subsequently, improved visual function.
Discussion: CRCD could serve as a potential novel treatment strategy for glaucoma, via incorporating RAPA into CDs, in turn not 
only mitigating its toxic side effects but also enhancing its therapeutic efficacy.
Keywords: retina, ischemia/reperfusion injury, rapamycin, carbon dots, microglial polarization, autophagy

Introduction
Glaucoma, a neurodegenerative ocular disease, is characterized by selective, progressive, and irreversible retinal cell 
degeneration, particularly retinal ganglion cells (RGCs) and optic nerves, due to elevated intraocular pressure (IOP).1,2 

Retinal ischemia/reperfusion injury, caused by high IOP, is an important risk factor contributing to RGC death. Despite 
extensive efforts towards early diagnosis and IOP reduction, via either medical or surgical interventions, continued RGC 
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degeneration still threatens patient visual health.3,4 Owing to the fact that the mammalian retina lacks regenerative 
capacities, resulting in irreversible RGC loss, it is therefore imperative to develop alternative strategies to effectively 
achieve neuroprotection, as well as minimizing side effects, in order to enhance and complement current ophthalmic 
treatments.

Along with mechanical pressure-induced injuries, IOP-induced ischemia, and reperfusion after its reduction, results in 
excessive reactive oxygen species (ROS) production, which has been characterized as a well-known pathological mechanism 
underlying RGC injury.5–9 Therefore, a series of antioxidant strategies, via either natural substances or advanced nanomater-
ials, have been attempted as experimental treatments for glaucoma.10–13 However, merely depleting ROS within the retina 
only has limited protective effects,14,15 as high ROS levels not only directly induce irreversible mitochondrial oxidative 
damage and neuron apoptosis but also serve as an important signaling regulator to stimulate the activation of resident 
microglia.16–19 Microglia, the tissue-resident immune cells, play a pivotal role in initiating the inflammatory response. They 
serve as the first responders to injurious insults, in which they continuously survey the microenvironment to maintain 
homeostasis, via their scavenging and phagocytosing functions, along with providing neurotrophic support. Microglia also 
exhibit dynamic polarization over time and can switch between M1 or M2 phenotypes in response to environmental stimuli.17 

M1 microglia are the classically activated type, defined by their expression of CD16/32, CD86, and CD40 markers;20 they also 
secrete pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL- 
6).21 On the other hand, M2 microglia are alternatively activated, as well as expressing markers such as arginase-1 (Arg-1), 
CD206, and Chitinase-3-like-3;20,22 they produce neuro-supportive, anti-inflammatory cytokines, including interleukin-4 (IL- 
4), interleukin-10 (IL-10) and transforming growth factor-β (TGF-β).18 With respect to the glaucoma-affected retina, 
accumulating evidence suggests that microglial activation mainly leads to the exacerbation of RGC damage, via their roles 
in regulating neuroinflammation.5,19

It has also been suggested in previous studies that autophagy plays a critical role in governing microglial inflamma-
tion and phenotype switching.23–26 More specifically, enhanced autophagy was found to promote the M1-to-M2 
microglia phenotypic switch.23,25 Indeed, the autophagy inducer rapamycin (RAPA) was able to promote RGC survival 
and treat glaucoma in rodent IOP models.27–29 However, multiple problems are present regarding the application of 
RAPA: 1) Systemic administration may result in deleterious side effects, such as immunosuppression,30 2) Due to RAPA 
having low water solubility (2.6 μg/mL),31 local ocular use is limited, and 3) Its effectiveness in animal models was in 
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the context of pretreatment strategies, such as being administered prior to inducing elevated IOP, which is not directly 
translatable for a clinical setting.27,32 In light of these issues, other strategies, such as carbon dots (CDs), have become 
topics of great interest. CDs are a type of nanomaterial, with excellent biocompatibility and stable physicochemical 
properties, owing to it mainly being composed of elemental carbon, with size <10 nm.33,34 More specifically, CDs 
comprise a carbon core with different functional groups (eg, -OH, -COOH, -NH2) on their surfaces, enabling their water 
solubility, as well as forming conjugates with other in- and organic substances.35,36 Our previous study, involving 
synthesized N-doped CDs, derived from chitosan (CS), has exhibited significant anti-oxidative effects, via inhibiting 
exogenous and endogenous ROS generation.37 Based on those findings, in this study, we developed a polymeric 
nanoparticle, using hydrothermal carbonization to condense RAPA and CS, to form a composite CS-RAPA carbon dot 
(CRCD), which retained RAPA bioactivities, along with good water solubility and biocompatibility for intraocular 
injection. In vivo assessment of CRCD in a high IOP-induced ischemia/reperfusion (I/R)-injury mouse model to simulate 
acute glaucoma showed that it had similar effects as RAPA on restoring autophagy levels, along with lowering oxidative 
damage among retinal cells by depleting excessive ROS. Furthermore, similar to RAPA, CRCD inhibited microglia M1 
polarization, thereby favoring polarization towards the M2 phenotype, resulting in reduced neuroinflammation, cell 
death, and subsequently the restoration of visual function in those I/R mice. All these findings thus demonstrate 
a promising nanomedicine, involving a multi-pronged strategy to effectively preserve RGCs and treat glaucoma.

Materials and Methods
CRCD Synthesis and Characterization
CRCD was synthesized via hydrothermal carbonization using RAPA (S115842, Aladdin, China), CS (C105799, Aladdin, 
China), and acrylamide (AAM; A108465, Aladdin, China). Briefly, 50 mg RAPA, 50 mg CS, and 400 mg AAM were 
mixed in 20 mL deionized water, and stirred at a speed of 800 rpm/min for 30 min using a magnetic stirrer (DF-101S, 
Henan Yuhua, China). The resulting mixture was sealed into a Teflon-equipped stainless-steel autoclave and subjected to 
a hydrothermal reaction at 220°C for 12 h. After cooling to room temperature, the solution was centrifuged at 8000 rpm/ 
min for 15 min to remove large or agglomerated deposits, and remaining large particles were further removed by filtering 
the supernatant through a 0.22 µm membrane. The resulting CRCD was further purified by dialyzing the solution in 
deionized H2O with a dialysis membrane (molecular weight cut-off 500 Da, Solarbio, USA) for 8 hours, and the 
deionized H2O was changed every 2 hours, thereby yielding a clear yellow-brown solution. To facilitate the assessment 
of CRCD characteristics, CS-CD was synthesized by hydrothermal carbonization of CS and AAM (mass ratio = 50:400).

CRCD size and morphology were visualized using transmission electron microscopy (TEM; Tecnai G2-F30, FEI 
Company, USA) at 300 kV. Afterwards, to confirm the molecular bonding structure of CRCD, their ultraviolet-visible 
(UV-vis) spectra were detected with a TU 1901 UV-vis spectrophotometer, photoluminescence (PL) spectra with 
a Hitachi F-4600 fluorometer, equipped with a Xe lamp under ambient conditions, Fourier transform infrared (FTIR) 
spectra with Nicolet 380 FTIR (Thermo Electron Corporation, USA), and proton nuclear magnetic resonance (1H-NMR) 
spectra with Bruker NMR (NEXUS-870), with 84% DMSO and 16% D2O as a solvent.

Evaluating the Antioxidative Capacities of CRCD
To determine the antioxidative capacities of CRCD, the Fenton reaction was used, in which 9 mM FeSO4 was mixed with 
9 mM salicylic acid. Different CRCD concentrations were then added to the mixtures, followed by the addition of 8.8 
mM H2O2. These mixtures were incubated at 37°C for 15 min, and absorption of the resulting •OH, generated by the 
Fenton reaction, was measured at 510 nm, and calculated based on the following equation: •OH elimination efficiency 
(100%) = (A0-Ax)/A0×100%, in which A0 represented the absorbance of the blank, and Ax the absorbance of the sample.

For further quantification of CRCD antioxidative capabilities, 2,2-diphenyl-1-picrylhydrazyl (DPPH•), a stable nitro-
gen-centered free radical, was used, in which 100 μM DPPH-ethanol solution was blended with different concentrations 
of CRCD. Absorbances of the resulting mixtures were measured at 517 nm, and the DPPH• scavenging capabilities of 
CRCD were calculated the same way as for •OH.
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Establishing the I/R Animal Model, Applying CRCD, and CRCD Kinetic Analysis
C57BL/6 mice (6–8 weeks) were obtained from the Experimental Animal Center of the Second Affiliated Hospital of 
Harbin Medical University. All experimental protocols conformed to the Guide for the Care and Use of Laboratory 
Animals (NIH, 8th Edition, 2011) and were approved by the Ethics Committee of the Second Affiliated Hospital of 
Harbin Medical University (REB #: sydwgzr2020-208).

I/R was induced among these mice, using a previously established procedure.7,38 Briefly, the anterior chamber of the 
eyeball was punctured with a 30G needle, and normal saline was instilled at a constant speed, with a pressure difference 
of 120 mmHg, for 40 min. Ten min after I/R injury was induced, 1 µg of CRCD or CS-CD in 1 µL solution was injected 
intravitreally. For the RAPA-treated I/R group, from 5 days pre-I/R to the day 1 post-I/R, mice received daily 
intraperitoneal RAPA injections (S115842, Aladdin), diluted in vehicle (10% ethanol, 40% PEG300, 5% Tween-80, 
45% saline), at 10 mg/kg.27

The intraocular biosafety of CRCD was evaluated, via monitoring IOP with a rebound tonometer (Icare, Finland), at 
1, 3, and 7-days post-injection. Retinal cell apoptosis, after injection with different CRCD concentrations (1–8 µg in 1 µL 
PBS) was also examined using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, 
following the manufacturer’s instructions (12156792910, Roche Diagnostics GmbH, Germany). The resulting TUNEL 
images were captured under a fluorescence microscope (Olympus, Japan).

For in vivo kinetic studies of CRCD content within the retina, retinal and scleral/choroid samples were collected and 
subjected to ultra-performance liquid chromatography (UPLC; Nexera LC-40), to quantify CRCD tissue concentration, in which 
CRCD was separated on a Phenomenex Luna® 5 µm C18(2) 100 Å LC column (250 mm × 4.6 mm) at 40°C. The mobile phase 
comprised an acetonitrile-H2O mixture (61:39 ratio v/v), flow rate was 0.1 mL/min, and detection wavelength was 277 nm.

Cell Culture, Treatment, and Cell Viability Measurements
Human umbilical vein endothelial cells (HUVECs; HTX1922, Otwo Biotech, China), as well as murine microglia (BV2; 
AW-CNM081, Abiowell, China) and rat retinal cell line (R28; EUR201, Kerafast, UK) were used for in vitro studies. 
BV2 and R28 cells were cultured in DMEM (Meilunbio, China), and HUVECs in DMEM/F12 (GIBCO, UK), all of 
which were supplemented with 10% fetal bovine serum (ExCell) and 1% penicillin/streptomycin (Solarbio, China), at 
37°C with 5% CO2. Nuclei were labeled with Hoechst 33342 (C1027, Beyotime, China), while cytoplasmic tubulin was 
stained using the Tubulin-tracker Deep Red Staining Kit (C2215S, Beyotime, China). Cells were then subjected to 
confocal laser scanning microscopy (CLSM; Carl Zeiss, LSM 800, Germany) to examine CRCD uptake and localization.

Oxidative stress injury and inflammatory cell models were established based on previously described procedures.39,40 

In brief, for the oxidative stress injury model, HUVECs and R28 cells were incubated with culture medium containing 
200 μM H2O2, for, respectively, 6 or 2 h. As for the inflammatory cell model, BV2 cells, stimulated by 1.5 μg/mL 
lipopolysaccharide (LPS; IL2020, Solarbio, China) for 24 h, were used. These cells were co-cultured with either 200 nM 
RAPA or 1.83 μg/mL CRCD. To study the effects of autophagy on BV2 cells, they were treated with 50 μM of the 
autophagy inhibitor chloroquine (CQ; HY-17589, MCE, USA) for 2 h, prior to treatment with CRCD/RAPA and LPS.

Cytotoxicity was then detected by CCK-8 assay (MA0218, Meilunbio, China), in which cells were seeded at 1 × 104 

cells per well in 96-well plates, and incubated with differing CRCD concentrations for 12 or 24 h. Afterwards, cells were 
washed twice with PBS, and incubated with fresh media containing CCK-8 for 4 h. The absorbance of each well was 
measured at 450 nm by a microplate reader (Synergy HTX, BioTek, USA).

As for cell viability, this was examined using Calcein AM and propidium iodide (PI) uptake assays, in which cells 
grown on glass coverslips in 24-well plates were incubated with Calcein AM and PI (C2015S, Beyotime, China) in 
culture medium for 30 min, followed by being washed 3 times with PBS. Fluorescence intensity was analyzed using 
a fluorescent microscope.

Vitro and in situ ROS, Oxidative Stress, and Anti-Oxidative Capacity Measurements
For in vitro ROS detection, HUVECs were seeded at 1 × 105 cells/well in a 24-well plate. After treatment with 200 μM 
H2O2, cells were incubated, at 37°C for 30 min in darkness, with 10 μmol/L diacetyldichlorofluorescein (DCFH-DA) 
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(S0033S, Beyotime, China). Cells were then washed 3 times, counterstained with Hoechst 33342 (C1027, Beyotime, 
China), and fluorescence captured under a fluorescence microscope.

In situ ROS levels were measured using the fluorescent dye dihydroethidium (DHE) (S0063, Beyotime, China), as 
described previously.41 In short, mouse eyes were dissected at 1 day post-I/R and frozen cross-sections, at 10 µm 
thickness, were obtained with a cryostat. These sections were subsequently incubated with 10 µM DHE at 37°C for 30 
min in a light-protected humidified chamber. DHE is cell-permeable and reacts with superoxide to form ethidium, which 
intercalates within DNA and emits red fluorescence (518 nm/605 nm excitation/emission). Fluorescence intensity was 
measured and calculated with ImageJ.

Oxidative stress was then investigated in the form of malondialdehyde (MDA) levels, using the Lipid Peroxidation 
MDA Assay Kit, according to the manufacturer’s instructions (S0131, Beyotime, China). In brief, cells or retinas were 
broken down by a grinder in PBS, centrifuged at 12,000 × g for 10 min, and supernatant collected for measuring MDA, 
which was based on the absorbance of the product of the MDA-thiobarbituric acid reaction at 532 nm.

As for total antioxidative capacity (T-AOC), it was measured using the T-AOC Assay Kit with the FRAP method 
(S0116, Beyotime, China). Supernatants extracted from lysed cells or retinas, as mentioned above, were used for the 
assay. T-AOC was determined, based on the absorbance, at 593 nm, of the reduction of Ferric-tripyridyltriazine (Fe3 

+-TPTZ) by antioxidants under acidic conditions.

Quantitative Reverse Transcription PCR (RT-qPCR)
Total RNA was extracted from retinas with TRIzol (Invitrogen, USA), and reverse-transcribed into cDNA using the 
Transcription First Strand cDNA Synthesis kit (Roche Diagnostics GmbH, Germany). qPCR was then carried out, 
according to the manufacturer’s protocols, with NovoStart®SYBR qPCR SuperMix (E096, Novoprotein, China). mRNA 
expression was normalized to β-actin with the 2−ΔΔCt method. Primer sequences were provided in Supplementary Table 1.

Western Blot
Total protein was extracted from cells and retinas with the RIPA Lysis Buffer (P0013B, Beyotime, China), and 20 µg for 
each sample was diluted in sample loading buffer, denatured at 95°C for 5 min, and electrophoresed on 12.5% SDS- 
polyacrylamide gel. Proteins were transferred to polyvinylidene fluoride membranes, which were blocked by 5% skim 
milk in tris buffer saline with 0.1% Tween-20 (TBST) for 1 h at room temperature, then incubated with the following 
primary antibodies: LC3B for both LC3-II/I (1:1000; ab192890, Abcam, UK), p62 (1:1000; 5483, PTM Bio, China), 
TNF-α (1:1000; 60,291, Proteintech, USA), and TGF-β (1:1000; ab92486, Abcam, UK) overnight at 4°C. Afterwards, 
membranes were washed 3 times with TBST, and incubated with horseradish peroxidase-conjugated secondary antibody 
(1:10,000, Bioss, China) for 1 h at room temperature. Protein bands were visualized by enhanced chemiluminescence 
(ECL, MA0186, Meilunbio, China) and quantified with ImageJ. β-actin (1:1000, 5436, PTM Bio, China) served as the 
housekeeping gene.

Immunofluorescence and Histological Analyses
For immunofluorescence staining, mice were sacrificed, perfused with 4% paraformaldehyde (PFA), and eyeballs fixed 
overnight in 4% PFA at 4°C. After fixation, they were dehydrated by 25% sucrose, frozen at −80°C, embedded in optimal 
cutting temperature compound, and sectioned into 5 µm sections with a cryostat. As for cells, they were grown on glass 
coverslips in 24-well plates, washed 3 times in PBS, and fixed with 4% PFA for 30 min at room temperature. Retinal 
tissue sections or cells were then blocked in 0.5% goat serum for 1 h and incubated with the following primary antibodies 
overnight at 4°C: LC3B (1:100; ab18709, Abcam, USA), p62 (1:100; 39749S, Cell Signaling Technology, USA), ionized 
calcium-binding adaptor molecule-1 (Iba-1, 1:100; ab283319, Abcam, UK), CD16/32 (1:100; ab223200, Abcam, UK), 
Arg-1 (1:100; sc-271430, Santa Cruz, USA), and NeuN (1:100; ab134014, Abcam, UK). Afterwards, tissue sections or 
cells were incubated with Alexa Fluor 488- or 594-conjugated secondary antibodies for 1 h at room temperature. Nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 min. Images were obtained with either a fluorescence 
microscope, or a CLSM, and quantified with ImageJ software.
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Visual Functional Analyses and Optical Coherence Tomography (OCT) Imaging
To examine the visual function of mice, light/dark transition and optomotor response tests were used, as previously 
described.6,42 In brief, the light/dark transition test involves 2 equally sized chambers, a dark chamber and an illuminated 
one, with an aperture located in the middle wall allowing mice to move freely between them. After depriving the mice of 
light for at least 2 h, a 10-min test was performed, in which the length of time that the mice spent in the light chamber, 
and the number of transitions between the 2 chambers was recorded.

As for the optomotor response test, LCD screens were placed around the inner wall to provide the black and white 
stripes at different spatial rotation frequencies, while the mouse was placed at the platform in the center of the apparatus. 
Four spatial rotation frequencies were used: 0.05, 0.1, 0.2, and 0.3 cycles/degree (cpd). After adapting for a few minutes, 
mice were tested at each frequency for 2 min, and head movements corresponding to the stripes were recorded.

For OCT imaging, it was performed at different retinal layers using Beiming-Kun technology (400,000 ultrawide- 
angle, full-field, TowardPi Medical Technology Ltd., Beijing, China). Mouse eyes were routinely dilated after intraper-
itoneal anesthesia, according to the manufacturer’s instructions, in order to capture high-definition scans of different 
retinal layers.

Bioinformatic Analyses
For bioinformatic analyses, high-throughput sequencing data from the GSE20521 dataset was obtained from the GEO 
database,43 and compared using Gene Expression Omnibus (GEO2R) to the sequencing data obtained from the retinas of 
normal and I/R mice. Differentially expressed genes (DEGs) were identified, based on them being P <0.05 in a 2-sample 
t-test, as well as having fold change thresholds of ≥1.50 for up-regulation, or ≤0.67 for down-regulation. Gene ontology 
(GO) enrichment analysis was then performed on these DEGs, using the database for annotation, visualization, and 
integrated discovery (version 2021).44

Statistical Analyses
All values are presented as mean ± standard error of the mean (SEM), from at least 3 independent experiments. Statistical 
analysis was performed using GraphPad Prism (version 9.5, GraphPad Software Inc.). Data were analyzed by unpaired 
Student’s t-test for comparisons between 2 groups or one-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc-test for comparisons among 3 or more groups. P <0.05 was considered statistically significant.

Results
Successful Synthesis of CRCD
As shown in the schematic in Figure 1A, CRCD was synthesized from RAPA, CS, and AAM, using the hydrothermal 
carbonization method. CRCD was then examined under TEM, in which they were found to be monodisperse, with the 
average particle size being at 3.7 nm (Figure 1B). Additionally, under UV–vis spectra analysis, CRCD exhibited peaks at 
277 nm, corresponding to the characteristic peak of RAPA, as well as 324 nm, which was attributed to the n-π* transition 
of the C=O double bond (Figure 1C). Furthermore, under visible light, the CRCD aqueous solution was transparent, 
while under 365 nm UV light, it exhibited bright blue fluorescence (Figure 1C). All of these findings indicated successful 
synthesis, particularly with respect to the incorporation of RAPA within CRCD.

With respect to PL, its emission wavelengths shift towards longer ones, as the excitation wavelengths increase from 
360 to 450 nm (Figure 1D). For CRCD, the strongest emission wavelength was observed at 482 nm, which resulted from 
an excitation wavelength of 400 nm.

To further analyze CRCD chemical structures, we investigated its FTIR spectra and compared it to that of RAPA and 
CS-CD, in which FTIR signals at 2810–3022 cm−1 were associated with the stretching vibrations of C-H bonds; this was 
present among RAPA and both CD types (Figure 1E). However, RAPA and CRCD, unlike CS-CD, also exhibited 2 
peaks, in 1715 and 1632 cm−1, corresponding to the stretching vibrations of, respectively, C=O and C=C bonds in RAPA 
(Figure 1E). RAPA also had a unique peak at 992 cm−1, attributed to the out-of-plane deformation of C=C. As for CS-CD 
and CRCD, they had 3 unique peaks at 1548, 1376, and 832 cm−1, corresponding, respectively, to the stretching 
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vibrations of N-H, C-N, and β-1,4-glycosidic bonds of CS (Figure 1E). All these results therefore indicated that CRCD 
was indeed formed from the combination of RAPA and CS, which was further supported by 1H-NMR spectra findings, 
where for CRCD, 2 distinct signals at 0.64 and 0.95 ppm were detected (Figure 1F). These signals corresponded to H1 
and H3 in the polyacrylamide portion of the CRCD molecule (Figure 1G). Additional signals at 0.69, 1.28, 1.37, 152 and 

Figure 1 Composite chitosan (CS)-rapamycin (RAPA) carbon dot (CRCD) was successfully synthesized. (A) Schematic depicting CRCD synthesis from RAPA, CS, and acrylamide. 
(B) Transmission electron micrograph of CRCD. Inset shows size distribution. (C) Ultraviolet-visible spectra for CRCD. Inset shows CRCD aqueous solution (right) and deionized 
H2O (left) under UV light. (D) Photoluminescence spectra for CRCD at different excitation wavelengths. (E) Fourier transform infrared spectra for RAPA, CS-CD, and CRCD. (F) 
Proton nuclear magnetic resonance spectra and (G) their corresponding molecular structural components for CRCD. (H) Confocal laser scanning microscopy images for rat retinal 
cell line (R28), murine microglia (BV2) and human umbilical cord vein endothelial cell (HUVEC) uptake of CRCD (200 µg/mL), with green fluorescence excitation at 405 nm 
(overlaid on brightfield). (I) HUVEC viability under different CRCD concentrations, based on the CCK-8 assay. n = 3-6/group for (I).
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7.68 ppm indicated the presence of H2, H4, H5, H6 and H11 of RAPA,45 while a region from 2.01 to 1.93 ppm was 
identified as containing the amino sugar residues (H7-H10) of CS (Figure 1F and G). Overall, the CRCD molecule 
comprised a polyacrylamide portion, as well as functional units derived from RAPA and CS, indicating their successful 
incorporation.

CRCD uptake by HUVECs, BV2, and R28 cells was confirmed using CLSM, in which CRCD-containing cells 
exhibited green fluorescence upon excitation at 405 nm, which was absent among untreated cells (Figure 1H and Figure 
S1A). We then further examined its localization within those cells, first by overlaying CRCD fluorescence images with 
Hoechst 33342, a live nuclei stain, then by overlaying CRCD images with cytoplasmic tubulin staining. We found that 
CRCD and Hoechst 33342 staining did not overlap with each other, but CRCD and tubulin staining did, in R28 cells 
(Figure S1B and C). The overlap between CRCD and tubulin staining was also present in HUVECs (Figure S1D). All 
these observations thus indicated that CRCD was localized to the cytoplasm. CRCD biocompatibility was subsequently 
evaluated among HUVECs, based on the CCK-8 assay, where HUVEC viability was found to be >95%, under exposure 
to differing CRCD concentrations, ranging from 0 to 640 µg/mL, for 12 or 24 h, indicating that CRCD cytotoxicity was 
negligible (Figure 1I). Similar findings were found for BV2 and R28 cells (Figure S1E and F).

CRCD Was More Effective in Improving Visual Function and Preserving Retinal 
Structure Compared to RAPA in a Mouse Retinal I/R Model
To examine CRCD bio-safety, different concentrations (1–8 µg in 1 µL PBS) were intravitreally injected into normal mouse 
retinas, and TUNEL+ retinal cells were quantified 3 days post-injection. No apoptotic retinal cells nor significant IOP 
alterations were present among the CRCD-injected mice (Figure S2A and B). We then examined the in vivo kinetics of 
CRCD, using UPLC, within the retina and choroid/sclera tissues, at 6 h, 1 day, 3 days, and 7 days post-injection. We found that 
in the retina, CRCD was detected 6 h post-injection, with peak concentration at 24 h, at ~1.5 µg/mg, after which it declined due 
to gradual metabolization, becoming barely detectable after 7 days. A similar pattern was also found for CRCD in the choroid/ 
sclera, but with a much lower peak concentration of ~0.5 µg/mg, for the choroid/sclera (Figure S2C).

After confirming CRCD uptake and biosafety in the retina, the in vivo effects of CRCD were further examined in the 
mouse retinal I/R model, established by acute IOP elevation, in which 4 groups were established: Normal, I/R, I/R+RAPA, and 
I/R+CRCD. For I/R+CRCD mice, 1 µg CDs was intravitreally injected 10 min after I/R induction, while for I/R+RAPA, 
10 mg/kg RAPA was intraperitoneally injected for 6 consecutive days, starting from 5 days prior to I/R induction, as previously 
described.27 The potential of CRCD to improve visual function in I/R mice was first examined, in which the mice were subject 
to the light/dark transition test at 7 days post-injury (Figure 2A). There, it was observed that I/R, compar ed to Normal, had 
significant increases in the time spent in the light chamber (Figure 2B), as well as lower transition numbers (Figure 2C). These 
changes, however, were reversed towards that of Normal in I/R+RAPA, and these reversals occurred to a greater extent among 
I/R+CRCD mice (Figure 2B and C). As for the optomotor response test (Figure 2D), also carried out at 7 days post-injury, and 
for all the tested frequencies (0.05, 0.1, 0.2, 0.3 cpd), I/R had significantly fewer head movements, compared to Normal 
(Figure 2E–H). However, the number of head movements increased towards that of Normal among I/R+CRCD; a similar 
increase, though to a lesser extent, occurred among I/R+RAPA (Figure 2E–H). All these findings thus suggested that CRCD, 
compared to RAPA, was more able to preserve visual function post-retinal I/R injury.

To examine whether these visual functional improvements were also associated with changes in retinal structure, 
OCT, a widely employed glaucoma monitoring method,46 was conducted, in which it showed that among I/R mice, 
retinal thickness was significantly lower than for Normal. However, I/R+CRCD had a significant increase in retinal 
thickness back towards that of Normal (Figure 2I and J). A similar finding was observed for immunofluorescence 
staining of NeuN, in which I/R decreased NeuN+ RGCs within the ganglion cell layer (GCL) at 7 days post-injury 
(Figure 2K and L), while NeuN+ RGCs significantly increased towards that of Normal among I/R+CRCD.

A group treated only with CS-CD (1 µg CD intravitreally injected 10 min after I/R induction), after retinal I/R injury 
(I/R+CS-CD), was also examined in comparison to Normal, I/R and I/R+CRCD, in which for the light/dark transition 
test, I/R+CS-CD had longer stay durations in the light chamber (Figure S3A), along with slightly lower transition 
numbers (Figure S3B), compared to I/R+CRCD mice. As for the optomotor response test, significantly fewer head 
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movements were present among I/R+CS-CD, compared to I/R+CRCD groups, for 0.1–0.3 cpd (Figure S3C–F). 
Furthermore, immunofluorescence staining for NeuN+ RGCs in the GCL found that I/R+CS-CD had significantly 
lower NeuN+ numbers than I/R+CRCD, though both were higher than I/R (Figure S3G–H). Overall, CS-CD may confer 
some protective effects against retinal I/R injury, but it was not as effective as CRCD, possibly due to the absence of 
rapamycin. All these findings thus demonstrate that CRCD was able to aid in preserving RGCs and retinal structure to 
improve visual function post-I/R and was more effective in doing so than CS-CD.

Figure 2 CRCD, compared to RAPA, was more effective in improving visual function and preserving retinal structure post-ischemia/reperfusion (I/R) injury. (A) Schematic 
of the light/dark transition test. (B) Time spent in the light chamber among Normal, I/R, I/R+RAPA, and I/R+CRCD mouse groups. (C) Number of transitions between the 
light and dark chambers among the 4 groups. (D) Schematic of the optomotor response (OMR) test. Number of head movements elicited under the OMR test for (E) 0.05, 
(F) 0.1, (G) 0.2, and (H) 0.3 cycles per degree (cpd), among the 4 groups. (I) Optical coherence tomography scans and (J) quantification of retinal thicknesses among the 4 
groups. (K) Immunofluorescence staining images and (L) quantification of NeuN+ cells within the ganglion cell layer (GCL) among the 4 groups. n = 5/group for (B–C, E–H 
and K–L), n = 4/group for (I and J). *P < 0.05, **P < 0.01, ***P < 0.001.
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CRCD Was Able to Alleviate Oxidative Stress Post-Retinal I/R Injury
To elucidate the underlying mechanism behind the protective effect of CRCD against I/R-induced retinal injury, as well 
as its greater effectiveness compared to RAPA, we initially investigated the pivotal event involved in that retinal injury, 
superoxide generation. It is an early event in pathological IOP-induced injury, with cells in the inner retinal layers, such 
as RGCs and vascular endothelial cells, being most exposed to the free radicals being produced.47,48 Indeed, the I/R 
mouse group was associated with increased superoxide production at 1 day post-I/R, as indicated by DHE staining 
(Figure 3A and B). These levels, though, were lowered towards that of Normal in I/R+RAPA, and reduced even further 
in I/R+CRCD (Figure 3B). A similar pattern was also observed for MDA, a byproduct of lipid oxidation occurring in 
cells under oxidative stress (Figure 3C). However, for T-AOC, it was significantly lower in I/R compared to Normal 
(Figure 3D). T-AOC in I/R+CRCD, though, increased back towards that of Normal, which was not the case for I/R 
+RAPA (Figure 3D), indicating that CRCD had significantly enhanced antioxidative effects in vivo versus RAPA.

CRCD Exhibited Antioxidative Capabilities in vitro
The antioxidative protective effect of CRCD was also verified in vitro, in which HUVECs were exposed to H2O2, in the 
absence or presence of either RAPA or CRCD. Free-radical scavenging abilities was then determined in terms of DCFH-DA 
fluorescence (Figure 4A and B), in which compared to untreated control (Normal), H2O2-treated HUVECs had significantly 
higher fluorescence. However, these levels were lowered towards that of Normal in the H2O2+RAPA group, and were reduced 
even further in H2O2+CRCD (Figure 4B). The same trend was also observed for R28 cells (Figure S4A and B). MDA content 
among these HUVECs exhibited a similar trend to that observed with mouse retinal tissue, in which the H2O2 group had 
significantly elevated levels, which were attenuated upon RAPA exposure (Figure 4C). Moreover, H2O2+CRCD had the 
lowest MDA levels, being comparable to that of Normal (Figure 4C).

We then examined the free radical scavenging activity of CRCD, based on their efficacy in clearing •OH and DPPH•. 
CRCD effectively scavenged •OH (Figure 4D) and DPPH• (Figure 4E) in a dose-dependent manner. Furthermore, the half 
maximal inhibitory concentrations for CRCD on •OH and DPPH• were, respectively, 407.58 and 291.05 µg/mL 

Figure 3 CRCD alleviated oxidative stress in a mouse retinal I/R model. (A) Representative dihydroethidium (DHE) staining image, indicating superoxide production, and 
(B) quantification of reactive oxygen species (ROS) levels among Normal, I/R, I/R+RAPA, and I/R+CRCD mouse groups. Fluorescence was measured in terms of arbitrary 
units (AU). (C) Malondialdehyde (MDA) levels, a marker of oxidative stress, among the 4 groups. (D) Total antioxidative capacity (T-AOC) levels among the 4 groups. n = 3/ 
group for all experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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(Figure 4F). This may be due to the fact that CS in CRCD provides hydrogen atoms, which could react with •OH or 
DPPH• to form more stable macromolecules.37,49,50 Additionally, the greater effectiveness of CRCD, compared to RAPA, 
in lowering oxidative stress may likely be owed to CRCD being not only able to inhibit ROS production via inducing 
autophagy to scavenge abnormal mitochondria, as with RAPA,30,32,51 but also by direct scavenging of pre-existing 
excessive free radicals within the cell.

CRCD Was Able to Regulate Microglial Polarization to Attenuate Retinal 
Inflammation
In glaucomatous RGC damage, ROS, acting as intracellular signaling molecules, are able to directly induce RGC 
apoptosis, as well as impair supportive glia cell functions, thereby facilitating secondary RGC degeneration.47 Given 
that both CRCD and RAPA were able to effectively mitigate oxidative stress injuries on day 1 post-I/R, the restoration of 
proper glial function may serve as the basis behind the different levels of retinal protection between CRCD and RAPA- 
treated I/R mice. To validate this postulation, we focused on transcriptome changes within retina tissue at 48 hours post-I/ 
R, via analyzing mRNA-seq data (GSE20521 in the GEO database). A total of 557 DEGs were identified, of which 450 
were up-regulated, and 107 down-regulated, in I/R versus Normal groups (Figure 5A and B). GO enrichment analysis 

Figure 4 CRCD exhibited antioxidative capabilities and was more effective in reducing ROS in vitro, compared to RAPA, via its direct scavenging of free radicals. (A) 
Diacetyldichlorofluorescein (DCFH-DA) fluorescence images and (B) ROS quantification among untreated control (Normal) HUVECs, as well as those treated with H2O2 

(H2O2), H2O2 with RAPA (H2O2+RAPA), and H2O2 with CRCD (H2O2+CRCD) for 6 h. (C) MDA levels among the 4 groups. Free radical scavenging rates for (D) •OH and 
(E) DPPH• scavenging, under different CRCD concentrations. (F) Half maximal inhibitory concentrations (IC50) for CRCD on •OH and DPPH•. n = 3/group for all 
experiments. ***P < 0.001.
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determined that these DEGs were most enriched for biological processes (BP) associated with inflammation and 
oxidative stress (Figure 5C). More specifically, the top 3 enriched BPs were inflammatory response, response to LPS, 
and positive regulation of TNF production, surpassing those associated with oxidative stress, such as response to hypoxia 
and hydrogen peroxide; other enriched BPs included positive regulation of microglial cell migration and microglia- 
mediated cytotoxicity, as well as IL-6 and 1β production (Figure 5C and Supplementary Table 2). It is worth noting that 
TNF-α, IL-6 and IL-1β have been identified as the primary cytokines produced by M1 polarized microglia.18,21 All these 
findings indicated that retinal inflammation plays a key role in glaucoma pathogenesis at 48 h after the decline in IOP, 
which may be due to microglial polarization into the M1 phenotype.

To further confirm this association between M1 polarization and inflammation, immunofluorescence staining was 
carried out, where I/R mice, compared to Normal, had significant increases in CD16/32+Iba-1+ cells associated with M1 
microglial polarization (Figure 6A and B). Interestingly, though, cell counts were significantly lowered in I/R+RAPA 
group, and this decrease was present to a greater extent in I/R+CRCD (Figure 6A and B). These patterns were also 

Figure 5 Bioinformatics analyses revealed that pro-inflammatory and oxidative stress pathways were enriched post retinal I/R injury. (A) Volcano plot showing the 557 
differentially expressed genes (DEGs) between Normal and I/R retinas in the GSE20521 dataset from the GEO database. (B) Heat map showing the 450 up-regulated 
(purple), and 107 down-regulated (blue) genes. (C) Gene ontology (GO) enrichment analysis of the DEGs. n = 6/group. Fold change (FC) ≥ 1.5 or ≤0.67, P < 0.05.
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present for TNF-α, IL-1α, and IL-1β expression levels under both Western blot and RT-qPCR, in which at 3 days post-I/ 
R, I/R group had significantly higher expression levels for those pro-inflammatory cytokines versus Normal. However, 
these levels decreased towards that of Normal among I/R+CRCD (Figure 6C–F and Figure S5A). Further analyses 
illustrated that this decreased M1 microglial polarization and pro-inflammatory marker expression were concomitant with 
increased M2 polarization, in the form of increased Arg-1+Iba-1+ cells, among I/R+CRCD, compared to I/R and I/R 
+RAPA (Figure 6G and H). Additionally, the highest levels of cytokines associated with neuronal growth, such as TGF-β 
and IL-4, were present among I/R+CRCD (Figure 6I–L). Moreover, I/R+CRCD, compared to I/R and I/R+RAPA, had 
the fewest number of TUNEL+ apoptotic cells (Figure S5B and C). Collectively, these data indicated that CRCD favored 
microglial polarization from the pro-inflammatory M1 to the pro-repair M2 state, which likely contributed to the retinal 
tissue and functional preservation associated with CRCD.

Figure 6 CRCD regulates microglial polarization to attenuate I/R-induced retinal inflammation. (A) Representative immunofluorescence staining images and (B) CD16/ 
32+Iba-1+ cell counts among Normal, I/R, I/R+RAPA, and I/R+CRCD mouse groups. (C) Western blot image and (D) quantification of TNF-α protein expression among the 
4 groups. Quantification of relative mRNA expression levels for (E) TNF-α and (F) IL-1α. (G) Representative immunofluorescence staining images and (H) Arg-1+Iba-1+ cell 
counts among the 4 groups. (I) Western blot image and (J) quantification of TGF-β protein expression among the 4 groups. Quantification of relative mRNA expression 
levels for (K) TGF-β and (L) IL-4. (M) Representative Western blot image and quantification of protein expression levels for autophagy markers (N) LC3 (II/I) and (O) p62 
among the 4 groups. n = 3/group for (A–L), n = 4/group for (M–O). *P < 0.05, **P < 0.01, ***P < 0.001.
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Increasing evidence has suggested that autophagy also plays a role in microglial polarization.23–25,52 Therefore, 
Western blot analysis was performed to examine autophagy-related protein expression,53 where it was determined that no 
significant changes in expression levels for the common autophagosome marker LC3 (LC3-II/LC3-I) were present 
between I/R and Normal groups (Figure 6M and N). However, for another autophagosome marker, p62, its expression 
was significantly higher among I/R versus Normal (Figure 6M and O). The presence of increased p62, with unchanged 
LC3, among I/R mice indicated that I/R injury resulted in lowered autophagosome turnover, in accordance with previous 
findings.27 P62 levels decreased towards that of Normal levels among I/R+RAPA and I/R+CRCD, with the latter 
showing an even more pronounced reduction (Figure 6O). Conversely, LC3 (II/I) expression was significantly upregu-
lated in I/R+CRCD, compared to Normal and I/R (Figure 6N), indicating that though RAPA was able to restore normal 
autophagy processes, CRCD had a stronger effect on autophagy activity by activating it.

CRCD Favored M2 Microglial Polarization via Inducing Autophagy
To elucidate the underlying bases behind CRCD favoring M2 microglial polarization, while minimizing potential 
confounding effects from other retinal tissue cells, BV2 cells were treated with 1.5 μg/mL LPS for 24 h to induce the 
M1 phenotype, followed by treatment with either RAPA (LPS+RAPA) or CRCD (LPS+CRCD). It was found that LPS 
exposure increased CD16/32+Iba-1+ fluorescence intensity, which, however, was decreased by either RAPA or CRCD 
administration, indicating that they both lowered M1 polarization (Figure 7A and B). This reduction of M1 polarization, 

Figure 7 CRCD induced M2 microglial polarization in vitro via activating autophagy in lipopolysaccharide (LPS)-stimulated BV2 cells. (A) Representative immunofluores-
cence images and (B) quantification of CD16/32+Iba-1+ among Normal, LPS, LPS+RAPA, and LPS+CRCD BV2 cell groups. (C) Representative immunofluorescence images 
and (D) quantification of Arg-1+Iba-1+ cells among the 4 groups. Relative expression levels for (E–G) pro-inflammatory (IL-6, IL-1β, TNF-α) and (H–J) anti-inflammatory 
cytokines (IL-4, IL-10, TGF-β) among the 4 groups. (K) Representative Western blot image and quantification of protein expression levels for autophagy markers (L) LC3 (II/ 
I) and (M) p62, among the 4 groups. n = 3/group for all experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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though, was coupled with increased M2 polarization, in the form of Arg-1+Iba-1+ among LPS+CRCD, compared to LPS 
and LPS+RAPA (Figure 7C and D). In accordance with these findings, pro-inflammatory cytokines IL-6, IL-1β, and 
TNF-α were significantly lower among LPS+RAPA and LPS+CRCD, compared to LPS (Figure 7E–G), while the highest 
expression levels for anti-inflammatory cytokines IL-4, IL-10, and TGF-β were observed in LPS+CRCD (Figure 7H–J). 
Therefore, CRCD was able to both promote M2 polarization, along with inhibiting M1 polarization, while RAPA only 
lowered M1 microglia.

To verify whether CRCD fostering M2 polarization over M1 was based on it promoting autophagy, Western blot 
analysis measured LC3 (II/I) protein expression levels, which were the highest among LPS+CRCD (Figure 7K and L), 
indicating greater autophagic vacuole formation. By contrast, p62 levels were the highest among LPS, indicating lowered 
autophagic flux, but decreased towards that of Normal among LPS+RAPA and LPS+CRCD, the latter to an even greater 
extent (Figure 7K and M). Taken together, these observations indicate that CRCD favored the formation of autophagic 
vacuoles and promoted autophagic flux within microglia, contributing to their polarization to the M2 phenotype.

This association was further confirmed by pre-treating BV2 cells with the autophagy inhibitor CQ, prior to their 
exposure to LPS and CRCD (Figure 8A). Western blot analyses found that CQ pretreatment reversed the decrease in p62 
protein expression by CRCD; furthermore, due to CQ inhibiting the fusion between the autophagosome and lysosome 
into the autolysosome, resulting in LC3-II accumulation,53 there was an increase in LC3-II/I in LPS+CRCD+CQ 
(Figure 8B–D). These findings indicate that autophagy inhibitor CQ possesses the capability to block CRCD-induced 
autophagy. This was further supported by immunofluorescence staining, in which similar trends to that observed in 
Western blot were found for LC3 and p62 puncta among LPS+CRCD and LPS+CRCD+CQ groups (Figure 8E–G). 
Immunofluorescence staining also confirmed that CQ administration resulted in M1 microglial polarization being favored 

Figure 8 Autophagy inhibitor chloroquine (CQ) reversed CRCD-induced M2 microglial polarization among LPS-stimulated BV2 cells. (A) Schematic of CQ treatment, prior 
to LPS and CRCD exposure, for BV2 cells. (B) Representative Western blot image and quantification of autophagy-related proteins (C) LC3 (II/I) and (D) p62 among 
Normal, LPS, LPS+CRCD, and LPS+CRCD+CQ groups. (E) Representative immunofluorescence images and quantification for (F) LC3 and (G) p62 puncta among the 4 
groups. (H) Representative immunofluorescence images and quantification for (I) CD16/32+ M1 and (J) Arg-1+ M2 BV2 cells. n = 3/group for all experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001.
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over M2, as compared to LPS+CRCD, LPS+CRCD+CQ had increased CD16/32+, and decreased Arg-1+ fluorescence 
intensity (Figure 8H–J). These findings thus reinforced the idea that CRCD promoted M2 polarization via activating 
autophagic processes.

Discussion
Acute glaucoma is a subtype characterized by retinal ischemic injury and RGC loss secondary to IOP elevation. 
However, patients with medically controlled IOP may still have progressive visual field loss, due to continued RGC 
death. Consistent with findings from previous studies,7,40 we observed that RGCs were still continuously lost even after 
high IOP was alleviated, indicating that IOP-independent factors may be involved in their loss during glaucoma 
pathogenesis. As a result, effective treatments for retinal degeneration following pathological ocular hypertension are 
urgently needed, as current strategies have limited effectiveness. One potential therapy that has been investigated is 
RAPA, an autophagy inducer, which has been previously shown to offer some protection against IOP-induced retinal 
damage. However, its systemic toxicity, hydrophobic nature limiting its diffusion in the vitreous humor, as well as 
requiring pre-treatments, restricts its application for treating glaucoma.

The utilization of novel nanoparticles as a delivery system for localized RAPA delivery has been previously 
demonstrated to effectively mitigate skin, vascular inflammation, or promote regeneration, such as in bone tissue.54–56 

For retinal applications, though, on top of considerations regarding the biodegradation of intraocular drug carriers, the 
optical properties of the eye impose significant constraints on nanocarrier size, along with the need to allow light 
transmission.33 As a result, CDs, being able to be conjugated to ligands or aptamers for specific applications, despite their 
relatively small sizes, have become a topic of increasing interest in ophthalmology over the past few years. Furthermore, 
owing to their excellent intraocular biocompatibility and optical properties, it has been used for intraocular gene delivery 
and monitoring drug concentrations.33,34,57 Therefore, in this study, to overcome the limitations of RAPA, as well as to 
take advantage of the beneficial properties of CDs, we synthesized CRCD, an intravitreally injectable, water-soluble, bio- 
compatible nanoparticle, comprising a CS-RAPA composite. CRCD, both in vitro and in vivo, possessed superior anti- 
oxidative and anti-inflammatory capabilities, owing to its ability, retained from RAPA, to induce autophagy among 
microglia, and subsequently favoring their polarization to the anti-inflammatory M2 state over pro-inflammatory M1. 
Therefore, it was demonstrated to be effective in treating I/R-induced retinal injury and preserving visual function.

Maintaining appropriate autophagy levels is fundamental for neuronal health, as it enables cells to adapt to stressful 
environments, such as clearing damaged and dysfunctional mitochondria to alleviate the pro-oxidative effects induced by 
ROS production.58,59 We found exhaustion of autophagy and reduced autophagosomal turnover, resulting in p62 
accumulation, which was consistent with previous studies.27 On the other hand, intravitreal CRCD administration 
immediately after I/R induction demonstrated comparable capabilities to restore autophagy levels to that of pre- 
intraperitoneal RAPA injections for 6 consecutive days. Moreover, intravitreal delivery facilitates preferential CRCD 
uptake by cells in the inner retinal layer, which are more vulnerable to ROS.47 In recent years, novel nanomaterials 
targeting different mechanisms to counteract against glaucomatous RGC damage have emerged, such as biodegradable 
polymers utilizing ROS as a trigger to simultaneously activate ROS scavenging and facilitate drug release.14,60 Similar to 
that approach, our CRCD nanoparticle was able to scavenge ROS, as well as preserving the effects of RAPA to activate 
autophagy and inhibit inflammation, all of which contributed to the preservation of retinal structure and function.

ROS has also been found to act as signaling molecules to induce pro-inflammatory microglial activation.16–19 Indeed, 
the peak of retinal microglial proliferation was observed at 2 days post-I/R injury.61 Based on that observation, we 
conducted a comparative analysis of differences in mRNA-seq data between normal and I/R-injured retinas at 48 h post- 
injury, in which the biggest difference in mRNA expression levels, with respect to biological processes, was present for 
those associated with inflammatory response, and production of pro-inflammatory cytokines; in fact, it was greater than 
for oxidative stress. Other biological processes that were enriched among I/R-injured retinas include the regulation of 
microglial migration and cytotoxicity. Therefore, the activation state of microglia is a key aspect behind whether they 
would play a neuro-protective or destructive role during glaucomatous neurodegeneration.19 Combined with our previous 
study,40 we found pro-inflammatory M1 microglial activation and cytokine expression were the prevalent patterns among 
both aged and young mice, following high IOP-induced acute retinal injury, which was alleviated by using stem cell- 
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derived exosomes to inhibit M1 polarization.40 Similarly, in this study, CRCD was able to promote microglial polariza-
tion towards the anti-inflammatory M2 type, resulting in better retinal protection compared to RAPA, which merely 
inhibited M1 polarization. As a matter of fact, promoting M2 polarization has been investigated as a possible therapeutic 
target for neurodegenerative diseases, such as Alzheimer’s disease and cerebral I/R injury.62,63 However, its potential for 
treating ophthalmic diseases, such as glaucoma, has remained largely unexplored, though this study confirms that the 
regulation of microglial activation is a viable therapeutic target for preserving retinal function. Therefore, an improved 
understanding of the underlying pathological processes related to secondary RGC degeneration could provide effective 
strategies for achieving glaucomatous neuroprotection.

The autophagy inducer RAPA was found to inhibit M1 microglial polarization, both in vitro and in vivo, in line with 
previous in vitro results.24,52 Furthermore, autophagy activation has been documented to play an important role in 
regulating M2 microglial polarization,25,26 likely owing to it being associated with transcriptomic changes and cyto-
plasmic remodeling during microglial differentiation.64 Therefore, autophagy-caused cell reprogramming may serve as 
the underlying basis behind M1-to-M2 microglial polarization, which was supported by our findings that blocking 
CRCD-induced autophagy with CQ resulted in the abolishment of M2 polarization over M1. Furthermore, distinct 
polarization states were linked to the differential regulation of autophagy by RAPA and CRCD. Therefore, future studies 
are needed to further elucidate the exact mechanisms and mediators connecting the autophagy process with microglial 
polarization.

With respect to ROS, we found that in I/R injury, elevated levels were not limited to the inner retinal layers, as 
they were also observed among cone and rod photoreceptor cells in the outer nuclear layer (ONL). Indeed, Li et al 
found that pathways associated with ROS responses were enriched among cone and rod cells, based on single-cell 
RNA sequencing of I/R-injured retinal cells.65 Furthermore, Zhou et al found that a progressive apoptosis of 
retinal neural cells, from the GCL, and progressing to the inner (INL), then to the ONL, at 3 days post-I/R, was 
present under TUNEL staining.66 In this study, this increase in ROS levels in the ONL was only observed at 1 day 
post-I/R, which may serve as the basis behind the subsequent apoptosis in that layer observed by Zhou et al. 
However, the present study primarily focuses on the protective effects of CRCD on RGC apoptosis within the 
GCL, as well as its relation to microglial activation and polarization into anti-inflammatory phenotypes. Future 
studies should continue to investigate CRCD effects on retinal function and I/R-induced retinal injury for other 
cell layers aside from GCL.

We also tried to explore alternative administration approaches for CRCD, particularly in the form of eyedrops (8 
μg/μL diluted in PBS, 5 µL/eye, administered every 30 min, 3 doses in total), by performing a corneal permeability test 
in mice. UPLC analysis found that CRCD was present in corneal tissue, at a level of 353.81 ± 17.59 μg/g tissue, but 
not in the aqueous humor (unpublished observations), indicating that CRCD may have penetrated into the corneal 
tissue layers. However, it is still unknown the extent of the layers that CRCD has penetrated to. Future studies will thus 
focus on developing a penetrable, eyedrop-administrated version of CRCD to facilitate non-invasive clinical 
treatments.

Conclusion
In summary, we successfully synthesized a CD nanoparticle, CRCD, by combining CS and RAPA. This CD had good 
water solubility, bio-compatibility, and superior anti-oxidative capabilities compared to RAPA. In vitro, CRCD lowered 
oxidative stress among HUVECs and R28, and maintained proper autophagy activities among BV2 cells. More 
specifically, among LPS-stimulated BV2 cells, CRCD not only suppressed pro-inflammatory microglia M1 polarization 
but also promoted anti-inflammatory microglia M2 polarization, via activating autophagy. This was also supported 
in vivo, where intravitreal injection of CRCD into I/R mice mitigated oxidative stress-induced retinal injury and 
inflammation, by facilitating M1-to-M2 polarization, along with down-regulating pro-inflammatory, and up-regulating 
anti-inflammatory cytokines, to ameliorate retinal damage and improve visual functional recovery. Overall, this study 
thus suggests that CDs could serve as a new strategy for protecting the optic nerve in acute glaucoma, as well as 
a potential treatment for other I/R-related diseases.
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