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Surface moieties drive the superior protection of
curcumin-derived carbon quantum dots against
retinal ischemia-reperfusion injury†

Ming-Hui Sun,ab Kuan-Jen Chen,ab Yu-Ting Tsao,a Chi-Chin Sun,ac

Jui-Yang Lai, adef Chin-Jung Lin,g Yu-Fen Huang g and Chih-Ching Huang *hij

Despite the recognized neuroprotective benefits of curcumin, its clinical utility is constrained by poor

bioavailability and high cytotoxicity at effective doses. This study evaluates the therapeutic potential of

curcumin-derived carbon quantum dots (Cur-CQDs) for retinal protection against ischemia-reperfusion

(IR) injury in rats. Cur-CQDs were synthesized via mild pyrolysis at varying temperatures and assessed

for efficacy in rat retinal ganglion cells and a model of retinal IR injury. The Cur-CQDs, particularly those

synthesized at 150 1C, displayed significant reductions in apoptosis in retinal tissues, as indicated by

TUNEL assays, immunofluorescence localization of HIF-a, CD68, BCL-2, and Grp78, and Western blot

analysis for HO-1, Grp78, CHOP, caspase 3, and Nrf2. These results suggest that Cur-CQDs not only

enhance cell survival and reduce inflammation but also decrease oxidative and endoplasmic reticulum

stress markers. Mechanistic insights reveal that Cur-CQDs modulate pathways involved in oxidative

stress, apoptosis, and inflammation, specifically through the upregulation of BCL-2 and HO-1 and the

downregulation of CHOP, caspase-3, and endoplasmic reticulum stress markers. The identification of

cinnamic acid-, anisole-, guaiacol, and ferulic acid-like structures on Cur-CQDs’ surfaces may

contribute to their superior antioxidative and anti-inflammatory activities. Collectively, these findings

position Cur-CQDs as a promising approach for treating retinal IR injuries, enhancing curcumin’s

bioavailability and therapeutic efficacy, and paving new pathways in ocular neuroprotection research and

potential clinical applications.

Introduction

Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione) is a natural polyphenol product extracted from
turmeric (Curcuma longa) that has long been advocated for
the treatment of a variety of conditions including neurodegen-
erative and inflammatory disorders.1,2 In animal models, it has
been demonstrated to have beneficial effects on rodent models
of cancer, diabetes, cardiovascular diseases, arthritis and
Alzheimer’s disease.1–3 In ocular tissue, curcumin also has
been shown to possess neuronal and vascular protection
against retinal ischemia-reperfusion (IR) injury in a rat model
through the reduction of inflammatory cytokines, attenuation
of mitochondrial-mediated oxidative stress, and amelioration
of inflammatory responses via PPAR-g agonist activity.4–9 Intra-
gastric administration of curcumin (10 mg kg�1 per day) (equal
to a human dosage of 800 mg per day) in a rodent model
of ocular hypertension was reported to have protection from
retinal microglial death.10 However, increased systemic side
effects from higher or repeated dosages of curcumin along
with curcumin’s poor water solubility and low bioavailability
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contribute to its limitation of clinical use.3,11,12 Topical
curcumin-loaded nanoparticles have been developed for sus-
tained release to improve the effectiveness of the drug, and
have been shown to reduce retinal ganglion cells (RGCs) loss in
a rodent model of optic nerve disease and ocular hyper-
tension.13 However, the cytotoxicity and biocompatibility of
nanoparticles have raised serious concerns about their impact
on human health and the environment.14,15

The emergence of carbon dots (CDs), including graphene
quantum dots (GQDs), carbon quantum dots (CQDs), and
carbonized polymer dots (CPDs), has opened new avenues in
the development of nanotherapeutics aimed at treating inflam-
matory diseases.16–22 These CDs are synthesized through carbo-
nization processes where organic precursors are thermally
decomposed or chemically transformed into carbonaceous
nanoparticles. This synthesis process imbues the CDs with
unique properties such as high surface area, tunable particle
sizes, and the capacity for surface functionalization, making
them ideal candidates for biomedical applications. These anti-
oxidative CDs exhibit a remarkable ability to scavenge reactive
oxygen species (ROS), reducing oxidative stress, a critical factor
in the pathogenesis of various inflammatory conditions.23–26

Moreover, they have been shown to modulate key inflammatory
pathways, including NF-kB and MAPK signaling, thereby exert-
ing potent anti-inflammatory effects.27 This multi-functionality
not only highlights their therapeutic potential but also offers a
multifaceted approach to managing inflammation, potentially
leading to treatments that are both more effective and specific.
A recent study has shown that CDs can significantly reduce
inflammation in models of arthritis, suggesting their potential
as a novel therapeutic strategy for rheumatoid arthritis.28

Similarly, CQDs have been explored for their therapeutic effects
in models of neuroinflammatory diseases, where they have
been found to attenuate symptoms and modulate inflammatory
responses.29–33 These findings underscore the versatility and
promise of carbonized nanomaterials in the context of inflam-
matory disease treatment, paving the way for the development
of new nanotherapeutics that could revolutionize the manage-
ment of inflammation-related conditions. However, the impact
of intact moiety structures on the carbonized nanomaterials on
their antioxidative and anti-inflammatory activities remains
unclear. Moreover, the application of CDs in treating ocular
inflammatory diseases remains sparsely documented, indicating
an area ripe for further exploration.

By harnessing the neuroprotective properties of curcumin
in a nanostructured form, this study not only addresses the
limitations of natural curcumin’s poor solubility and bioavail-
ability but also leverages the unique biocompatible and highly
soluble nature of CQDs prepared from curcumin (Cur) through
mild pyrolysis for treating retinal IR injury. This study meticu-
lously demonstrates how Cur-CQDs, particularly those synthe-
sized at 150 1C, significantly mitigate apoptotic cell death,
inflammation, and oxidative stress in retinal tissues, as evi-
denced by marked reductions in TUNEL-positive cell counts
and suppressed inflammatory cytokine expression in treated
samples. This effect is achieved by modulating key cellular

pathways involved in oxidative stress, apoptosis, and inflam-
mation, through the upregulation of antioxidant enzymes and
the downregulation of pro-inflammatory cytokines, driven pri-
marily by surface moieties such as cinnamic acid, guaiacol,
and ferulic acid. Detailed analysis shows that these nano-
structured dots enhance cellular resilience by stabilizing mito-
chondrial function and reducing cellular permeability changes
during ischemic episodes. The findings underscore Cur-CQDs’
potential to serve as a novel therapeutic strategy for retinal
ischemic conditions, showcasing a significant advancement in
ocular neuroprotection research and potential clinical applica-
tions. Their profound impact on reducing the pathological
features associated with IR injury highlights the transformative
potential of nanomedicine in ocular therapeutics.

Experimental section
Cell viability assays

RGC-5 cell line (ATCC, Manassas, VA, US) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), antibiotic–antimycotic
(1%), L-glutamine (2 mM) and nonessential amino acids (1%)
in 5% CO2 at 37 1C. Cells treated with different concentrations
of curcumin, Cur-CQDs (see detail on the preparation of
Cur-CQDs in ESI†) were then subjected to 6 cycles of inter-
mittent ischemia (each cycle consisted of 0.1% O2 for 35 minutes
and 21% O2 for 25 minutes) then returned back to normal oxygen
concentration for following 18 h. Cell viability was assayed with the
use of Cell Counting Kit-8 (CCK-8; Merck) 10 ml per well in dark
room avoiding light for 2 h, the absorbance at 450 nm was
measured using a microplate reader.

In vivo studies

All animal experiments were performed in compliance with the
relevant laws and institutional guidelines, the animal study
protocol was approved by the Institutional Animal Care and Use
Committee of Chang Gung Memorial Hospital (Approval num-
ber: 2020093001; date of approval: 30 September 2020). Four
to Five-week-old Sprague–Dawley male albino rats weighing
140–160 g were housed in a temperature-controlled room with
a 12-hour light–dark cycle and with free access to food
and water. All animals were treated in accordance with the
Statement of the Association for Research in Vision and
Ophthalmology for Use of Animals in Ophthalmic and Vision
Research. Mice were anesthetized with intraperitoneal injec-
tions of Zoletil 20 mg kg�1 (Virbac, Neurologia, France) mixed
with Rompum 10 mg kg�1 (Xylazine, Bedford Laboratories,
Bedford, OH, USA) and the pupils were dilated with pheny-
lephrine hydrochloride and tropicamide. Intravitreal injection
of either Cur-CQDs-150 (100 mg mL�1), curcumin (100 mgmL�1),
or phosphate-buffered saline (PBS) was performed in right eye in
each rat 3 days before IR injury, left eyes were left untreated. The
anterior chamber of the right eye was cannulated with a 27-gauge
infusion needle connected to a physiological saline reservoir. The
intraocular pressure was increased to 130 mm Hg for 60 minutes
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by elevating the saline reservoir. Successful achievement of retinal
ischemia was confirmed by the collapse of the central retinal
artery, and the whitening of the iris during the rise of intraocular
pressure.

Immunofluorescence staining

At 24 h after IR injury, immunofluorescence was performed to
examine the localization of the hypoxia-induced factor (HIF)-a,
the cluster of differentiation (CD) 68 molecule, B-cell lym-
phoma (BCL)-2, and glucose regulatory protein (Grp) 78. Briefly,
rats were euthanized 24 h after IR injury, the eyeballs were
embedded in paraffin or Optimal Cutting Temperature (OCT)
compound. The tissue specimens were then incubated with one
of the following primary antibodies: rabbit polyclonal antibody
against rat HIF-a (1:50, Bioss, US), mouse polyclonal antibody
against rat CD68 (1:1000, Abcam, Cambridge, UK), mouse
monoclonal antibody against rat BCL-2 subunit protein (1:50,
Santa Cruz, US), and mouse monoclonal antibody against rat
glucose-related protein (Grp78, 1:100, Proteintech, Germany).
Immunoreactivity was detected by a fluorescein isothiocyanate
(FITC)-labeled or rhodamine-labeled secondary antibody (1:200,
Abcam, Cambridge, U.K.), cell nuclei were counterstained with
40-6-diamidino-2-phenylindole (DAPI).

Western blot analysis

Twenty-four hours following IR injury, rats were euthanized in a
CO2-saturated chamber, anterior segments were removed, and
retina wholemounts were isolated and shock frozen at �80 1C
within 2 minutes after enucleation. Retinas were later ultra-
sonically homogenized into 300 mL of a RIPA buffer containing
50 mM Tris (pH 7.4), 150 mM NaCl, 10 mM EDTA, 0.1% SDS,
1% NP-40, 0.5% sodium deoxycholate, 1 mM Na3VO4, 1 mM
NaF, 1 mM EGTA, 1 mM PMSF and proteinase inhibitor at 4 1C.
The protein extracts (20 mg of protein in each lane) were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and the proteins were transferred
to a nitrocellulose membrane. The membranes were then
blocked and probed with rabbit polyclonal anti-heme oxygenase
(HO)-1 (Abcam, Cambridge, U.K.), anti-GRP78 (Proteintech), anti-
CCAAT (C)/enhancer binding protein (EBP)-homologous protein
(CHOP) (Santa Cruz), anti-caspase 3 (Abcam), anti-nuclear factor
erythroid 2-related factor (Nrf) 2 (Thermo Fisher Scientific)
and anti-GAPDH (Santa Cruz) antibody at different dilution.
A peroxidase-conjugated anti-rabbit secondary antibody (Perkin-
Elmer, USA) was used at a dilution of 1:15000.

Electroretinography (ERG) recordings

The single bright flash electroretinography (ERG) (Retiport,
Roland Consult, Germany) under a dark-adapted environment
was performed to assess the retinal function of tigecycline-
injected eyes and BSS-injected eyes. One or four weeks after
intravitreal injection of Cur-CQDs, rats were anesthetized with
a solution of ketamine (95 mg mL�1) and xylazine (5 mg mL�1)
under dim red light and were kept on a warm pad throughout
the procedure. The rats also spent at least 3-hour in dark
adaptation before the ERG test. The pupils were then dilated

with drops of 0.5% tropicamide. A drop of 0.5% proparacaine
hydrochloride was applied for corneal anesthesia; the gold coil-wire
electrode was placed on the cornea with 2.5%methylcellulose gel to
facilitate the electrode attachment and conduction. The reference
and ground electrodes were attached to the forehead and tongue,
respectively. The dark-adapted scotopic mixed b-wave response was
recorded for measurement of retinal function in each rat. After
reducing the background noise to less than 10 Hertz (Hz), a single
white flash LED light was used as the standard light stimulus
(standard flash: 3 cd s m�2). The 1000-ms interflash interval was
determined to be of sufficient duration to prevent carryover effects
of successive flashes on the ERG waveform. Responses were
amplified with a gain setting�500 mV and filtered with a bandpass
filter (0.3–500 Hz). The overall curve was recorded as the average of
20 collected single responses after removing interference.

Please refer to the provided sections for detailed informa-
tion on the preparation of Cur-CQDs, the analysis of their
antioxidant capacity, in situ TUNEL labeling, immunofluores-
cence staining, and western blot analysis.

Statistical analysis

Data are presented as mean SE. On way analysis of variance
(ANOVA) was conducted for comparison. P o 0.05 was con-
sidered significant.

Results and discussions
Identification of specific moieties on the CQDs

Pyrolyzing curcumin between 120 1C and 180 1C for 2 h yields
brownish-orange residues. These residues are further pro-
cessed in an alkaline medium (200 mM sodium phosphate
buffer at pH 12.0), leading to the formation of CQDs.34–36 The
formation of CQDs primarily involves dehydration, polymeriza-
tion, condensation, and mild carbonization processes (Fig. 1(A)).
Initially, the dehydration-induced condensation of curcumin
results in the formation of microscale supramolecular structures
through polymer cross-linking. Prolonged heating leads to the
fragmentation of these structures and further carbonization into
spherical Cur-CQDs. The synthesized CQDs, denoted as Cur-CQDs-
120, Cur-CQDs-150, and Cur-CQDs-180, correspond to the tem-
peratures (120, 150, and 180 1C, respectively) at which they were
prepared. The yield for all Cur-CQDs variants was observed to
exceed 90%. Transmission electron microscopy (TEM) analysis
reveals a consistent size distribution for all Cur-CQDs, with an
average diameter of approximately 4.5 nm (Fig. 1(B)). Dynamic
light scattering (DLS) measurements indicate that the hydro-
dynamic diameters of the Cur-CQDs are around 10 nm, signifi-
cantly larger than their core sizes measured by TEM. This
discrepancy suggests the presence of pyrolytic curcumin poly-
mers encasing the Cur-CQDs surfaces. High-resolution TEM
(HR-TEM) images showcase highly crystalline sp2-hybridized
carbon cores with a 0.21 nm interlayer spacing, characteristic of
the graphitic carbon (100) plane.37 Unlike the hydrophobic and
water-insoluble curcumin (o1.0 mg mL�1), Cur-CQDs demon-
strate remarkable water solubility (420 mg mL�1) at room
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temperature (Fig. 1(C)). This enhanced solubility, evidenced by
a high zeta potential (4�30 mV), is attributed to the dense
presence of phenolic and carboxylic groups on the Cur-CQDs
surfaces, potentially improving their bioavailability both in vitro
and in vivo. Elemental analysis (EA) indicates a higher oxygen
content in Cur-CQDs (435%) compared to the original curcu-
min molecule (25%), suggesting the introduction of additional
oxygen-containing functional groups during the mild pyrolysis
process.

Curcumin exhibits a broad absorption band at 465 nm in
the UV-Vis absorption spectrum, indicative of charge-transfer
processes within its lowest energy transition (Fig. 1(D)).38

Conversely, Cur-CQDs display a distinctive peak at 275 nm
and a broad shoulder from 310 to 375 nm in their spectra,
attributed to p - p* and n - p* transitions, respectively.36

This highlights the presence of enriched oxygen-containing
groups within the CQDs. Under 365 nm excitation, Cur-CQDs
emit a very broad fluorescence spectrum, ranging from 400 nm
to 600 nm with a low quantum yield (o1%), due to the
presence of various-sized polycyclic aromatic or graphene

clusters and surface defects (Fig. 1(E)).39,40 Fourier-transform
infrared (FTIR) spectroscopy of Cur-CQDs reveals vibrational
signatures similar to those of curcumin (Fig. 1(F)). Lastly, laser
desorption/ionization mass spectrometry (LDI-MS) analysis
confirms the attachment of numerous curcumin moieties to
the Cur-CQDs (Fig. 1(G)). We propose that the fragments
observed at various m/z values represent the diverse moieties
such as cinnamic acid-, anisole-, guaiacol, and ferulic acid-like
structures on the Cur-CQDs surface, contributing to their anti-
inflammatory and neuroprotective activities.41–46 Cinnamic
acid ((2E)-3-phenylprop-2-enoic acid) has been extensively studied
for its anti-inflammatory properties. It inhibits key enzymes
involved in inflammation, such as cyclooxygenase and lipoxygen-
ase, which are crucial in the production of pro-inflammatory
mediators.41 Cinnamic acid derivatives are also explored for their
potential neuroprotective effects, possibly through mechanisms
involving antioxidative properties and modulation of neuronal
pathways.42 The derivatives of anisole (methoxybenzene) have also
shown antioxidative and anti-inflammatory activities.43 These
effects are primarily attributed to their ability to scavenge free

Fig. 1 (A) Schematic representation of the preparation and formation mechanism of Cur-CQDs via mild pyrolysis. (B) TEM and HR-TEM images of as-
prepared Cur-CQDs. (C) Photographs of curcumin powder and Cur-CQDs (120–180 1C) powder (top panel) and their corresponding aqueous solutions
(low panel). (D) UV-Vis absorption and (E) fluorescence spectra of curcumin and Cur-CQDs. The concentration of curcumin or Cur-CQDs was
10 mg mL�1. (F) FTIR and (G) LDI-MS spectra of curcumin and Cur-CQDs.
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radicals and inhibit oxidative stress, which is a common pathway
in inflammatory and neurodegenerative diseases. The guaiacol
(2-methoxyphenol) also exhibits anti-inflammatory effects by
inhibiting enzymes like nitric oxide synthase and cyclooxygenase
and modulating other inflammatory pathways.44,45 Guaiacol and
its derivatives also exhibit neuroprotective effects, primarily
through their antioxidant mechanisms.45,46 They upregulate
anti-apoptotic proteins, such as B-cell lymphoma 2 (BCL-2),
and downregulate pro-apoptotic factors, including caspase-3.45

Additionally, these compounds modulate signaling pathways
involved in cellular survival and stress responses, such as heme
oxygenase-1 (HO-1).46 Also, ferulic acid [(2E)-3-(4-hydroxy-3-
methoxyphenyl)prop-2-enoic acid] exerts neuroprotective effects
on the retina by enhancing cellular antioxidant defenses, such as
activating the Nrf2 pathway, which leads to the upregulation of
detoxifying enzymes and reduction of oxidative stress.47 Concur-
rently, it modulates inflammatory responses through the inhibi-
tion of NF-kB signaling, thereby preventing cytokine release and
reducing neuronal apoptosis in retinal degenerative conditions.47

Cur-CQDs possess minimal toxicity and superior antioxidative
activities

Before evaluating bioactivity, we assessed the stability of
Cur-CQDs-150 under different environmental conditions by
monitoring relative fluorescence changes. As shown in Fig. S1A
and B (ESI†), the fluorescence intensity of Cur-CQDs-150
remained stable after incubation in aqueous solution at tem-
peratures up to 95 1C and NaCl concentrations up to 1000 mM,
indicating high thermal and salt stability. Additionally, no
visible aggregation was observed under these conditions. How-
ever, Cur-CQDs-150 exhibited reduced fluorescence and gra-
dual sedimentation in solutions with pH o 6 (Fig. S1C, ESI†),
likely due to decreased surface charges and increased hydrogen
bonding between CQDs. Furthermore, we investigated the
effect of various metal ions (100 mM) on Cur-CQDs-150 fluores-
cence. Among the tested ions, only mercury (Hg2+) induced
significant fluorescence quenching (Fig. S1D, ESI†), primarily
due to Hg2+-mediated aggregation, electron transfer, and elec-
tron delocalization.48 These findings highlight the excellent
stability of Cur-CQDs-150 in physiological conditions.

Curcumin is widely known for its antioxidative and anti-
inflammatory properties.13,49 Its antioxidative activity is attrib-
uted to its ability to scavenge free radicals and enhance the
activity of antioxidant enzymes, thus protecting cells from
oxidative stress-induced damage.49 Despite its promising
protective effects, the high cytotoxicities of curcumin towards
some mammalian cells through inhibiting cell proliferation,
triggering apoptosis, and programmed cell death have been
reported.50–52 Therefore, we first assess the antioxidative and
cytotoxic effects of Cur-CQDs on cells in comparison to curcu-
min in its original state. The total antioxidant capacity (TAC)
assay based on copper(II) redox reactions is used to measure
the antioxidant capacity of vitamins (Vit), curcumin, and
Cur-CQDs. Remarkably, Cur-CQDs-150 demonstrated superior
antioxidant effectiveness compared to both Vit C and E, which
are predominant antioxidants in human eyes,53 and even

surpassed that of free curcumin (Fig. S2A, ESI†). The enhanced
antioxidative activity of Cur-CQDs is attributed primarily to
their graphitic core structures with multiphenol-like groups on
the surfaces, which facilitate rapid electron transfer and hydro-
gen donation.54 Additionally, the catalytic carbonyl groups on
the edges of the graphitic cores also contribute significantly to
these antioxidant properties.55

For cytotoxic assays, we exposed retinal ganglion cells (RGC)-
5 to varying concentrations of curcumin or Cur-CQDs for 48 h
and then assessed cell viability using an MTT assay. RGC-5 are a
cell line originally thought to be derived from rat retinal gang-
lion, which are crucial for transmitting visual information
from the eye to the brain. Findings indicated that curcumin
adversely affected the viability of RGC-5, reducing survival rates
to below 20% even at minimal concentrations of 10 mg mL�1

(Fig. S2B, ESI†). Conversely, RGC-5 treated with Cur-CQDs
maintained over 80% viability at concentrations up to 100 mgmL�1,
showcasing Cur-CQDs’ superior biocompatibility. Remarkably, the
cytotoxicity threshold of Cur-CQDs was found to be at least
100 times higher than that of curcumin. Curcumin induces cell
apoptosis by upregulating pro-apoptotic proteins and downregulat-
ing anti-apoptotic proteins, leading to mitochondrial dysfunction
and activation of caspase pathways, which trigger the programmed
cell death process.56,57 To investigate whether Cur-CQDs also
contribute to suppressing the H2O2-induced production of ROS,
we utilized a 20-70-dichlorodihydrofluorescein diacetate (H2DCFDA)
assay. The results indicated that the generated ROS in the presence
of Cur-CQDs is at least five times less ROS than that of curcumin
(Fig. S1C, ESI†), corroborating their antioxidative capabilities as
observed in the TAC assay. Furthermore, the higher cellular uptake
of Cur-CQDs enhances their ability to mitigate oxidative damage
within the cells, significantly reducing intracellular ROS levels and
contributing to their potent antioxidant effects observed in vitro.
Cur-CQDs exhibit enhanced cellular uptake due to their smaller
size and amphiphilic surface characteristics, which facilitate their
entry into cells and increase their interaction with cellular compo-
nents. Chelating extracellular metal ions by Cur-CQDs would
contribute to reducing oxidative stress by limiting the availability
of metals that catalyze the formation of ROS.

Superior neuroprotective effects of Cur-CQDs against
hypoxia-induced apoptosis

To evaluate the neuroprotective capabilities of different Cur-
CQDs, RGC-5 were exposed to curcumin or various Cur-CQDs
followed by a 6-h hypoxic insult. This experimental setup
involves subjecting RGC-5 to six cycles of hypoxia followed by
normoxia (Fig. 2(A)). Each cycle consists of a 35-min exposure to
a hypoxic environment with 0.1% O2, followed by a 25-min
return to normoxic conditions with 21% O2. After these inter-
mittent ischemia cycles, the cells are maintained in normal
culture conditions (normoxia) in the presence of curcumin or
Cur-CQDs for 18 h. This process, designed to simulate the
cellular stress experienced during transient retinal ischemic
events, can significantly affect cell viability, mimicking condi-
tions seen in eye diseases such as diabetic retinopathy (DR),
retinal vein occlusion (RVO), age-related macular degeneration
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(AMD), central retinal artery occlusion (CRAO), and ischemic
optic neuropathy (ION) where fluctuating oxygen levels play a
role in disease progression.58,59 Our results reveal the cells
treated with Cur-CQDs-150 at a concentration of 25 mg mL�1

demonstrated significantly enhanced viability post-hypoxia
compared to those treated with curcumin or other Cur-CQDs
(Fig. 2(B)). Specifically, untreated cells showed a survival rate of
58% in the cell counting assay (Fig. 2(C)), whereas treatment
with Cur-CQDs-150 resulted in survival rates of 82%. Cur-CQDs-
180 treatment resulted in a survival rate of only 65%. Among
the tested variants, Cur-CQDs-150 exhibited the most substan-
tial protection against hypoxia-induced cell damage, surpassing
both the alternative Cur-CQD formulations and traditional

curcumin treatments. This underscores the potential of Cur-
CQDs-150 as a formidable candidate for neuroprotective appli-
cations in retinal therapies, significantly enhancing cell viabi-
lity and survival under ischemic conditions.

The LDI-MS analysis reveals distinct surface moieties on
Cur-CQDs-150 compared to Cur-CQDs-120 and Cur-CQDs-180
(Fig. 1(G)). The MS spectrum for Cur-CQDs-120 shows intact
curcumin molecules (m/z 369.38), suggesting that some curcu-
min remained unpyrolyzed and adsorbed onto the CQDs at
lower pyrolysis temperatures. Prominent peaks at m/z 220.26
and 299.37 in Cur-CQDs-150 indicate the presence of abundant
cinnamic acid and ferulic acid-based structures. In contrast,
Cur-CQDs-180 lacks highly antioxidative guaiacol- and ferulic

Fig. 2 Neuroprotective effects of Cur-CQDs on retinal cells subjected to hypoxia. (A) Schematic representation of intermittent hypoxia (IH) experiments.
(B) Relative cell viability and (C) cell count ratios following exposure to 6 h of IH and 18 h of normoxia. Cells were treated with either curcumin or
Cur-CQDs at a concentration of 25 mg mL�1. Data represent the mean � standard deviation from four independent experiments.
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acid-like moieties, likely due to greater carbonization at higher
pyrolysis temperatures. Cur-CQDs-150 excels over other formu-
lations primarily because of its optimal size and surface proper-
ties, which facilitate deeper penetration and better retention
within cellular structures, thus enhancing its efficacy under
hypoxic conditions. The specific in situ surface modifications
during the mild pyrolysis process of Cur-CQDs-150 likely lead to
more effective scavenging of ROS and efficient chelation of
metal ions, crucial for mitigating oxidative stress that can cause
cell death during ischemic events. Additionally, Cur-CQDs-150
may more effectively modulate cellular pathways, potentially by
upregulating anti-apoptotic proteins and downregulating pro-
apoptotic signals, providing superior protection against the
cellular stress induced by intermittent hypoxia. These unique
characteristics position Cur-CQDs-150 as a particularly potent
agent for reducing apoptosis typically resulting from ischemic
and hypoxic conditions prevalent in various progressive eye
diseases.

Evaluation of Cur-CQDs in a rat model of retinal ischemia-
reperfusion injury

Curcumin’s potential to mitigate hypoxia-induced damage in
retinal cells has been well-documented, primarily due to its
robust antioxidant and anti-inflammatory properties.13,49

These properties are critical in combating the oxidative stress
and inflammation associated with hypoxic conditions within
the retina. Such conditions are notably prevalent in DR and
retinal RVO, where they can cause significant tissue damage
and consequent vision loss. Our studies extend these findings
by demonstrating that Cur-CQDs-150 matches and exceeds
curcumin’s antioxidative and biocompatibility profiles, adding
enhanced protection against hypoxic damage.

Prior to assessing the in vivo therapeutic effects of Cur-
CQDs, we investigated their ability to penetrate ocular tissues
following intravitreal injection. Three days post-injection of
Cy5.5-labeled Cur-CQDs, fluorescent signals were observed in
various retinal layers, including the RGC layer (RGCL), inner
plexiform layer (IPL), inner nuclear layer (INL), and photore-
ceptors (PR). Remarkably, these signals remained detectable up
to 28 days after injection (Fig. S3, ESI†), indicating sustained
presence. In contrast, no fluorescent signals were observed in
retinas treated with a PBS control. This prolonged retention can
be attributed to the small size of Cur-CQDs (o5 nm) and their
amphiphilic nature, which confers a high affinity for retinal
tissues. The amphiphilic characteristics likely facilitate the Cur-
CQDs’ integration into the retinal architecture, enhancing their
stability and therapeutic efficacy over extended periods. These
findings suggest that Cur-CQDs are not only effective in pene-
trating the retinal barrier but also in sustaining their therapeu-
tic potential within the ocular environment, making them
promising candidates for long-term treatments of retinal dis-
eases characterized by hypoxia-related stress.

To evaluate the biocompatibility of Cur-CQDs, we performed
flash electroretinography (ERG) at 7 and 28 days post-
intravitreal injection. Flash ERG is a sophisticated diagnostic
tool used to measure the electrical responses of various cell

types within the retina, following exposure to brief flashes of
light.60 This technique is instrumental in determining the
potential retinal toxicity of treatments by recording functional
changes that might occur after administration. In this study,
ERG was employed to assess the ocular biocompatibility of Cur-
CQDs treatment in a live subject model, providing insights into
the safety and efficacy of the intervention on retinal function. In
ERG, the a-wave represents the initial negative response reflect-
ing the photoreceptor activity, primarily from rods and cones,
which is crucial for understanding the primary reaction of the
retina to light.60 The b-wave follows the a-wave as a positive
peak, originating from the inner retinal cells, primarily bipolar
and Müller cells, indicating the secondary response to the
visual stimulus.

The ERG results showed no significant differences in the
latency or amplitude of the a- and b-waves between the Cur-
CQDs-treated left eyes and the PBS-treated right eyes (Fig. 3(A)).
Specifically, 7 days after intravitreal injection, the latency of the
a-wave was 19.60 � 1.03 ms in PBS-treated eyes compared to
21.20 � 0.86 ms in Cur-CQDs-treated eyes (p 4 0.73; n = 5). The
amplitude was similarly unaffected, with PBS eyes recording
216.60 � 15.79 mV and Cur-CQDs eyes 211.40 � 32.83 mV (p 4
0.18; n = 5). The b-wave latency and amplitude results were also
comparable, showing no statistical difference (p 4 0.67; n = 5).
Furthermore, the 28 days post-intravitreal injection, the latency
of the a-wave remained consistent with earlier observations, at
22.00 � 2.28 ms for PBS and 22.80 � 2.04 ms for Cur-CQDs (P
4 0.83; n = 5). The amplitude of the a-wave was 190.40 � 32.25
mV for PBS and 189.40 � 19.53 mV for Cur-CQD (p = 0.900, n = 5).
The b-wave metrics followed this trend, demonstrating stable
retinal function over time with no significant changes induced
by Cur-CQDs treatment. These findings indicate that Cur-CQDs
do not adversely affect retinal electrical activity, affirming their
safety for potential therapeutic use.

Furthermore, a well-established rat model of retinal
ischemia-reperfusion (IR) injury was employed to assess the
therapeutic efficacy of Cur-CQDs. The IR injury model, widely
recognized for its relevance to human ocular diseases such as
acute glaucoma and retinal artery occlusion, involves a tem-
porary occlusion of the central retinal artery.61 This occlusion
provokes an ischemic phase characterized by deprivation of
oxygen and nutrients, leading to cellular stress and eventual
severe tissue damage. The subsequent reperfusion phase intro-
duces a rapid restoration of blood flow, triggering oxidative
stress and inflammatory responses due to the sudden influx of
blood components.

Photoreceptors and RGCs, essential for phototransduction
and signal transport, are particularly vulnerable due to their
high oxygen and energy requirements and dense mitochondrial
content.62 Normally, these mitochondria produce low levels of
ROS as byproducts of metabolism. However, ischemic condi-
tions drive a shift from aerobic to anaerobic metabolism,
disrupting ion transport across mitochondrial membranes
and leading to an excessive accumulation of ROS.62 This
imbalance between ROS and the ocular antioxidant defenses,
including vitamins A, C, E, superoxide dismutase (SOD),
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glutathione peroxidase, and catalase, defines oxidative stress,
which contributes to the heightened susceptibility of the retina
and optic nerve to ischemic injury.63

In our investigation, the therapeutic impact of Cur-CQDs
was quantitatively analyzed via TUNEL assays to measure
apoptotic cell death (Fig. 3(B) and (C)). Retinas treated with
Cur-CQDs-150 demonstrated a significantly lower apoptosis
rate (6.8 � 1.8 cells per field) compared to those treated with
PBS (21.8 � 2.4 cells per field) and curcumin alone (14.3 �
2.2 cells per field) after 24 h of IR injury. Notably, the apoptosis
rate in the Cur-CQDs-150-treated group closely resembled that
of healthy retinal tissue [normal (without IR induction); 0.4 �
0.2 cells per field]. Furthermore, co-labeling with Cy5.5-labeled
Cur-CQDs-150 fluorescence and TUNEL staining provided visual
confirmation of reduced apoptosis in Cur-CQDs-treated retinas
(Fig. S4, ESI†). These findings suggest that the enhanced anti-
oxidative and anti-inflammatory properties of Cur-CQDs substan-
tially mitigate the damage induced by IR events. The superior
performance of Cur-CQDs in reducing apoptotic cell counts can
be attributed to their potent antioxidative capabilities, which
likely interfere with the oxidative stress mechanisms typically
activated during reperfusion. Additionally, the anti-inflammatory
effects of Cur-CQDs help modulate the inflammatory milieu
within the retina, further protecting against cellular damage.
Therefore, the application of Cur-CQDs in this model not only
underscores their potential in reducing IR-induced retinal injury
but also highlights their promise as a novel therapeutic approach
for the management of ischemic retinal diseases.

We also conducted hematoxylin and eosin (H&E) staining
to evaluate retinal thickness, and the results are presented in

Fig. S5 (ESI†) to further assess the therapeutic efficacy of Cur-
CQDs-150. Ischemic injury often leads to progressive retinal
degeneration, ultimately causing visual impairment. Fig. S5
(ESI†) displays histological images of retinal sections from
different test groups, showing a significant loss of RGCs in
the PBS-treated group compared to the negative control group
(without IR induction), indicating sustained retinal degenera-
tion. Prior to IR injury (negative control group), the retinal
thickness was measured at 245 � 12.4 mm (n = 4) from retinal
biopsies. However, after 7 days of IR induction, the retinal
thickness decreased to 169.0 � 22.1 mm and 200.3 � 6.4 mm
in PBS-treated groups (n = 4) and curcumin-treated groups
(n = 4), respectively. Notably, the Cur-CQDs-150-treated group
maintained a significantly greater retinal thickness 214.3 �
15.1 mm (n = 4), suggesting enhanced neuroprotection com-
pared to the PBS- and curcumin-treated groups. These findings
further demonstrate that Cur-CQDs-150 effectively mitigates
ischemic injury, preserving retinal structure and reducing
tissue damage.

We further conducted an enzyme-linked immunosorbent
assay (ELISA) to quantify IL-1b, IL-18, IL-6, and TNF-a in retinal
tissues following IR injury. As shown in Fig. S6 (ESI†), inflam-
matory cytokine levels were significantly elevated in the PBS-
treated group compared to the negative control group (without
IR induction), indicating severe inflammation following IR
injury. Notably, the Cur-CQDs-150-treated group exhibited
significantly lower levels of IL-1b, IL-18, IL-6, and TNF-a com-
pared to the PBS- and curcumin-treated groups, demonstrating
the potent anti-inflammatory properties of Cur-CQDs-150.
We also quantified malondialdehyde (MDA) levels as an

Fig. 3 In vivo biocompatibility evaluation of Cur-CQDs and the protective effects of Cur-CQDs-150 on retinal tissues following ischemia-reperfusion
(IR) injury. (A) Retinal function assessment via flash electroretinography (ERG) following intravitreal injection of Cur-CQDs-150. (B) Apoptosis analysis in
retinal tissues 24-h post-IR injury using TUNEL staining. (C) Quantitative evaluation of apoptotic cells across different treatment groups (n = 11). Apoptotic
cells (green fluorescence) are indicated by yellow arrows. Scale bar = 500 mm.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

02
5.

 D
ow

nl
oa

de
d 

by
 C

H
A

N
G

 G
U

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

3/
26

/2
02

5 
1:

38
:5

5 
PM

. 
View Article Online

https://doi.org/10.1039/d4tb02364a


This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13, 4225–4237 |  4233

indicator of oxidative stress and evaluated superoxide dismu-
tase (SOD) and glutathione peroxidase (GSH-PX) activities as
antioxidant markers in retinal tissues following IR injury. As
shown in Fig. S7 (ESI†), MDA levels were significantly elevated
in the PBS-treated group compared to the negative control,
indicating increased oxidative stress due to IR injury. However,
Cur-CQDs-150 treatment significantly reduced MDA levels com-
pared to both PBS- and curcumin-treated groups, demonstrat-
ing their ability to suppress oxidative damage. Furthermore,
SOD and GSH-PX activities were markedly lower in the PBS-
treated group, reflecting compromised antioxidant defenses
following IR injury. Notably, Cur-CQDs-150 treatment signifi-
cantly enhanced both SOD and GSH-PX activities, restoring
antioxidant capacity to levels comparable to the negative con-
trol. These findings in Fig. S6 and S7 (ESI†) confirm the potent
antioxidant and anti-inflammatory properties of Cur-CQDs-150,
further supporting their therapeutic potential in mitigating
oxidative and inflammatory stress-related retinal damage.

Mechanistic insights into the protective effects of Cur-CQDs on
retinal ischemia-reperfusion injury

The protective mechanism of Cur-CQDs-150 against retinal IR
injury is primarily attributed to their modulation of key cellular
pathways. As depicted in Fig. 4(A), the expression of BCL-2, a
critical anti-apoptotic protein, was substantially enhanced in
the RGCL of eyes treated with Cur-CQDs-150 compared to those
treated with PBS. BCL-2 is a well-known protein to maintain
cellular integrity by inhibiting cell death pathways, thereby
playing a significant role in the survival of retinal neurons.64

The elevation in BCL-2 expression, which is more pronounced
than in curcumin-treated eyes, underscores the superior ability
of Cur-CQDs-150 to inhibit apoptosis pathways and promote
neuronal survival under stress conditions.

Furthermore, the anti-inflammatory and anti-hypoxic effects
of Cur-CQDs-150 are evident through the minimal expression
of CD68 and activation of hypoxia-inducible factor 1a (HIF-1a),
as illustrated in Fig. 4(B) and (C). Staining for CD68 in the
retina is utilized to detect and quantify the presence of macro-
phages and activated microglia.65 This method is pivotal for
assessing inflammatory responses within the retinal tissue,
helping to elucidate the immune dynamics associated with
various ocular diseases and injury recovery processes. The reduced
CD68 staining in Cur-CQD-150-treated eyes reflects a diminished
macrophage and microglia activation, indicating a lower inflam-
matory response. This is critical as excessive inflammation
can exacerbate neuronal damage during IR events. Similarly, the
subdued activation of HIF-1a in Cur-CQDs-150-treated eyes sug-
gests a mitigated cellular response to hypoxia. HIF-1a is a regula-
tory protein that responds to oxygen deficiency by promoting
angiogenesis and altering metabolic pathways to adapt to hypoxic
conditions.66 Its reduced activation in the presence of Cur-CQDs-
150 may reflect an environment with less cellular stress and a
stabilized oxygen supply, further protecting the retina from the
detrimental effects of ischemia.

Additionally, the modulation of endoplasmic reticulum (ER)
stress markers highlights another dimension of Cur-CQDs-150’s

protective mechanisms. Fig. 4(D) shows significant upregulation
of glucose-regulated protein 78 (Grp 78), a marker of ER stress,67

in the IPL of retinas treated with PBS post-ischemic injury. In
contrast, the expression of Grp78 is notably reduced in retinas
treated with Cur-CQDs-150, suggesting effective mitigation of ER
stress. This reduction in Grp 78 expression indicates a broader
neuroprotective effect, encompassing the activation of survival
proteins like BCL-2, reduction of hypoxic transcriptional proteins
such as HIF-a, amelioration of retinal inflammation, and the
abolishment of ER stress following ischemic injury. Notably, the
immunostaining patterns of BCL-2, CD68, HIF-1a, and Grp78 in
Cur-CQDs-150-treated retinas closely match those of healthy ret-
inal tissue (negative control, without IR induction) (Fig. 4(A)–(D)),
reinforcing their potential as a therapeutic strategy for ischemic
retinal diseases.

Western blot analysis provided further crucial insights into
the molecular dynamics within the retina post-IR injury, as
shown in Fig. 4(E) and (F). The study highlighted a significant
increase in the expression of key stress-related and apoptotic
proteins, including Grp 78, nuclear factor erythroid 2-related
factor 2 (Nrf2), C/EBP homologous protein (CHOP), caspase 3,
and heme oxygenase-1 (HO-1) following IR injury. These pro-
teins are indicative of ER stress and the activation of apoptosis
pathways, which contribute to cellular damage under ischemic
conditions.67–71 The levels of Grp 78, Nrf2, CHOP, an caspase 3
were substantially lower in retinas treated with the Cur-CQDs
compared to those treated with PBS and curcumin, suggesting
a robust protective effect against ER stress and apoptosis.
This reduction points to the ability of Cur-CQDs to stabilize
retinal cellular environments, curtailing the cascade of cellular
destruction triggered by ischemia.

Furthermore, the analysis revealed a more pronounced
upregulation of heme HO-1 in the Cur-CQDs treated group.
HO-1 is an essential antioxidant protein that plays a pivotal role
in cellular defense mechanisms against oxidative stress.71

Its enhanced expression underlines the antioxidant capacity
of Cur-CQDs, which helps in neutralizing the oxidative bursts
frequently observed after reperfusion injuries. Interestingly, the
expression of Nrf2, a key regulator of antioxidant defense
mechanisms,68 was significantly elevated in the retinas treated
with PBS and curcumin post-injury. However, in Cur-CQDs-150
treated eyes, Nrf2 levels were comparatively reduced. This
observation suggests that while Nrf2 activation is a response
to oxidative stress, Cur-CQDs-150 may reduce the overall oxidative
stress level so effectively that the demand for Nrf2 activation is
diminished. This indicates not just a reactive antioxidant response
but a fundamental enhancement of cellular resilience against
oxidative stress. Moreover, the western blot results for Grp78,
Nrf2, CHOP, caspase 3, and HO-1 in Cur-CQDs-150-treated
retinas closely matched those of the negative control group
(without IR induction), further supporting their therapeutic
potential for ischemic retinal diseases.

These immunostaining and western blotting findings col-
lectively highlight the dual protective action of Cur-CQDs-150
against both apoptosis and inflammation, crucial for preser-
ving retinal integrity during IR injury. By bolstering
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anti-apoptotic defenses and tempering inflammatory and
hypoxic responses, Cur-CQDs-150 showcases potential as a
therapeutic agent for managing retinal ischemic conditions,
offering insights into potent treatment strategies for ocular
diseases characterized by ischemic and hypoxic challenges.

Curcumin is celebrated for its potent antioxidant cap-
abilities, primarily due to its effectiveness in scavenging various
ROS such as superoxide anions, hydroxyl radicals, hydrogen per-
oxide, singlet oxygen, and nitric oxide.49,72–74 The antioxidant

properties of curcumin are defined by its complex molecular
structure, which includes multiple functional groups that contri-
bute to its effectiveness. These include phenolic rings, which act as
electron traps to reduce hydrogen peroxide formation and scavenge
superoxide radicals; the b-diketo group, which is involved in metal–
ligand complexation; and carbon–carbon double bonds.72–74

Together, these structural elements enhance curcumin’s capability
to counteract oxidative stress. This activity not only protects cells
from damage but also facilitates the upregulation of the Nrf2

Fig. 4 Immunostaining and western blot analysis after IR injury. (A)–(D) The immunostaining images present immunofluorescence analysis of key
proteins including (A) BCL-2, (B) CD68, (C) HIF-1a, and (D) Grp 78 following IR injury. Yellow arrows highlight fluorescent signals (green) of expressed
cytokines or proteins. Scale bar = 100 mm. (E), (F) Western blot analysis of protein expression following retinal IR injury. Samples were collected from the
retinal tissues of rats subjected to 60 min of ischemia followed by 24 h of reperfusion. The retinas were treated with PBS, curcumin or Cur-CQDs-150
prior to injury induction. Protein lysates were prepared using RIPA buffer, and equal amounts of protein were loaded onto SDS-PAGE gels for separation
followed by immunoblotting. *p o 0.05, **p o 0.01, ***p o 0.001.
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pathway,75,76 a critical regulator that enhances cellular defense
mechanisms against oxidative stress. Despite these benefits, our
studies noted that in treatments using Cur-CQDs-150, Nrf2
activation was unexpectedly low, while the expression of the
antioxidant protein HO-1 was significantly elevated, suggesting
that Cur-CQDs-150 might trigger protective mechanisms in the
retina independently of the Nrf2 pathway. Additionally, curcu-
min’s potent anti-inflammatory effects, achieved through the
inhibition of pathways such as NF-kB and COX-2, contribute to
its neuroprotective actions against retinal ischemia-reperfusion
injury by mitigating inflammation, apoptosis, and oxidative
stress.77,78 Despite these benefits, the clinical utility of curcumin
is constrained by its poor solubility and bioavailability, leading
to the development of various nanoformulations like nano-
micelles and nano-encapsulations to enhance its delivery.79–82

Unlike these complex formulations, the synthesis of Cur-CQDs is
relatively straightforward, offering a viable alternative with lower
cytotoxicity and enhanced antioxidative and anti-inflammatory
activities compared to conventional curcumin treatments.

The simplicity of preparation and promising efficacy of Cur-
CQDs position them as potential therapeutic agents for clinical
use. However, to fully ascertain their clinical viability and
therapeutic potential in treating retinal and other oxidative
stress-related diseases, comprehensive studies and advances
are necessary. Extensive clinical trials are essential to evaluate
the safety and efficacy of Cur-CQDs in humans, including
studies on pharmacokinetics, biocompatibility, and potential
long-term effects. These trials should also explore various
dosing regimens to identify the optimal therapeutic concen-
tration that balances efficacy with minimal side effects. Addi-
tionally, the scalability of the synthesis process must be
enhanced to ensure that Cur-CQDs can be produced in suffi-
cient quantities under good manufacturing practice (GMP)
conditions. Developing targeted delivery systems to direct
Cur-CQDs more specifically to diseased tissues could further
improve therapeutic outcomes and reduce systemic exposure.
Lastly, investigating the mechanistic pathways influenced by
Cur-CQDs will be crucial for tailoring these nanoparticles to
specific clinical conditions, potentially extending their applica-
tions beyond ocular conditions to a broader range of diseases
characterized by oxidative stress and inflammation.

Conclusions

Our study on Cur-CQDs highlights a significant advancement
in the field of ocular therapeutics, especially in managing
retinal IR injury. Cur-CQDs synthesized at 150 1C, which are
characterized by their surface moieties of guaiacol and ferulic
acid, have shown exceptional capabilities in reducing apop-
tosis, alleviating inflammation, and bolstering antioxidant
defenses within the retinal tissues. The superior performance
of Cur-CQDs over traditional curcumin formulations can be
attributed to their enhanced bioavailability, lower cytotoxicity,
and robust anti-inflammatory and antioxidative activities.
These properties make Cur-CQDs a promising candidate for

clinical applications in treating ischemic retinal diseases.
Moreover, the benefits of Cur-CQDs relative to the CQDs
derived from other phytochemicals include their inherent
anti-inflammatory properties, high biocompatibility, and effec-
tive penetration and integration into retinal tissues for
extended durations. These features ensure sustained therapeu-
tic effectiveness and reduced side effects, essential for success-
fully managing chronic ocular diseases. As the field progresses,
further exploration into the mechanistic pathways influenced
by Cur-CQDs will be vital in optimizing their therapeutic
potential and extending their application to other oxidative
stress-related diseases.
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