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Ferroptosis, characterized by elevated iron levels and lipid peroxidation (LPO), is a recently identified
regulatory mechanism of cell death. Its substantial ischemic injury,
neurodegenerative disorders, and cancer positions ferroptosis inhibition as a promising strategy for

involvement in tissue
managing these diverse diseases. In this study, we introduce curcumin—polydopamine nanoparticles
(Cur—PDA NPs) as an innovative ferroptosis inhibitor. Cur—PDA NPs demonstrate remarkable efficacy in
chelating both Fe?* and Fe3" in vitro along with scavenging free radicals. Cur—PDA NPs were found to
efficiently mitigate reactive oxygen species, reduce Fe®* accumulation, suppress LPO, and rejuvenate
mitochondrial function in PC12 cells. Thus, these NPs can act as potent therapeutic agents against

Received 27th March 2024
Accepted 30th April 2024

DOI: 10.1039/d4ra02336f

rsc.li/rsc-advances ferroptosis, primarily via iron chelation and reduction of oxidative stress.

Open Access Article. Published on 07 May 2024. Downloaded on 2/24/2026 12:39:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1. Introduction

Ferroptosis is an iron-dependent type of regulated cell death,
distinct from autophagy, necrosis, or apoptosis.”* It arises from
the excessive accumulation of lethal lipid peroxides driven by
iron.® The Fenton-like reaction, involving iron and lipid perox-
ides, produces lipid alkoxy and hydroxyl radicals, resulting in
elevated levels of reactive oxygen species (ROS).* This initiates
a radical chain reaction, amplifying lipid peroxidation (LPO),
targeting biomolecules, and culminating in oxidative stress (OS)
and mitochondrial dysfunction.” Recent comprehensive studies
have reported the correlation between ferroptosis and diverse
pathological processes, including ischemic tissue injury,®
infectious diseases,” and neurodegenerative disorders such as
Alzheimer's, Huntington's, and Parkinson's diseases, and
cancer.*** Consequently, pharmacological manipulation of
ferroptosis, through induction or inhibition, holds consider-
able therapeutic promise.*

Ferroptosis inhibitors, primarily radical-trapping antioxi-
dants and iron chelators, aim to mitigate OS and safeguard
cells."”** However, there are significant hurdles in the initial
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generation of these compounds in clinical advancement due to
off-target effects, limited selectivity, and potential toxicity.™
Iron chelators, such as deferoxamine, are hindered by poor
absorption and rapid clearance.”*” Furthermore, certain
natural products face challenges of water solubility and chem-
ical stability, impeding their ability to traverse the blood-brain
barrier.’®* To overcome these issues, the distinct properties of
various nanomaterials, notably their exceptional biocompati-
bility and targeting capabilities, have been extensively
researched in treating diseases related to ferroptosis inhibi-
tion.>*** Nanoscale structures enhance drug efficacy by
increasing drug half-life, improving hydrophobic compound
solubility, minimizing potential immunogenicity, and enabling
controlled, stimulus-responsive drug release.”” These nano-
materials also precisely control the rate and location of drug
release.”***

Curcumin (Cur), a polyphenolic compound prevalent in
turmeric rhizomes, is known for its neuroprotective capabilities,
including anti-amyloidogenic effects preventing amyloid protein
formation and aggregation, alongside anti-inflammatory, anti-
oxidant, and immunomodulatory properties.”*>” Studies have
revealed that the dicarbonyl structure of Cur enables it to bind
with Fe** and particularly Fe**, positioning Cur as a potential
iron chelator, offering promise in inhibiting ferroptosis.?® The
biomedical utility of Cur is constrained by several factors: poor
water solubility, a brief half-life, low biological availability, and
instability at neutral physiological pH. Therefore, devising tech-
niques to circumvent these limitations represents a critical
challenge in contemporary medicine. Polydopamine (PDA) has
emerged as a notable solution as it is known for its remarkable
biocompatibility, water dispersibility, and stimulus-responsive
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release properties.**® Studies indicate that PDA nanoparticles
(NPs), with their reducing functional groups such as catechol and
imine, adeptly scavenge various types of ROS.*' Moreover, recent
findings have demonstrated the capacity of PDA NPs to chelate
and absorb iron ions, contributing to ferroptosis inhibition and
mitigating intervertebral disc degeneration.**

In this study, we synthesized Cur-PDA NPs by self-
assembling Cur with PDA via encapsulation (Scheme 1a). Cur-
PDA NPs successfully resolve the solubility and stability issues
inherent to Cur. Using the combined iron chelation and anti-
oxidant properties of Cur and PDA, Cur-PDA NPs efficiently
counter OS and impede ferroptosis progression (Scheme 1b).
These findings underscore the potential of Cur-PDA NPs in
treating ferroptosis-related diseases.

2. Experimental
2.1 Materials

Curcumin (Cur) and dopamine hydrochloride (DA) all
purchased from Aladdin. Maleimide-PEG2k-Fmoc (Fmoc-PEG-
MAL) was purchased from Xi'an Ruixi Biological Technology
(Xi'an, China). DMEM high glucose medium, trypsin, strepto-
mycin, and glutamine were obtained from Hyclone. Fetal
bovine serum (FBS) was supplied by Tianhang Biotech. ABTS
reagent 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt was sourced from Shanghai McLean
Biochemical Technology Co., Ltd. Propidium iodide/acridine
orange staining kit was provided by Biyuntian in China,
Shanghai. MTT assay kit, MDA content detection kit, SOD
activity assay Kkit, Prussian blue staining kit, and Fe®" ion
content detection kit were all procured from Solarbio Life
Sciences. ROS detection assay kit, BCA protein concentration
determination assay kit, and LPO assay kit were acquired from
Biyuntian Biotech.

2.2 Preparation of Cur-PDA NPs

According to the method described in reference,® 2 mL of
NH,OH, 40 mL of ethanol, and 90 mL of deionized water were

Scheme 1 The principle underlying the chelation of iron by curcumin
and polydopamine to inhibit oxidative stress, thereby protecting
neurons and repairing mitochondrial function.
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mixed and added to a round-bottom flask. The mixture was
stirred at room temperature for 30 min. Then, 0.5 g of DA was
dissolved in 10 mL of deionized water and added to the above
mixture (pH = 8.5). Next, 0.098 g of Cur (0.3 mM) and Fmoc-
PEG-MAL (20 mg) were dissolved in 2 mL of DMSO and added
to the above mixture as well. The reaction was stirred under
light-shielded conditions for 24 h. The precipitate was collected
by centrifugation at a speed of 4000 rpm, washed with a mixture
of DMSO/water (volume ratio: 2: 1), and dried for further use.
The loading efficiency (LE) and encapsulation efficiency (EE) of
Cur was determined using UV-vis spectroscopy according to the
following formula: LE (%) = (weight of loaded Cur)/(total weight
of Cur-PDA NPs) x 100%. EE (%) = (weight of loaded Cur)/
(total dosage weight of Cur) x 100%.

2.3 Characterization of Cur-PDA NPs

We employed transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) to identify Cur-PDA NPs
particle size and morphology (JEM-2100F, Japan; SU8020,
Hitachi, Japan). The hydrodynamic size was quantified utilizing
dynamic light scattering (Zeta Plus, Brookhaven, USA). An
ultraviolet-visible (UV-vis) near infrared spectrophotometer (UV-
3600, Shimadzu, Japan) was used to obtain UV-vis absorption
spectra.

2.4 Measurement of Cur-PDA NPs ROS scavenging ability

We assessed the antioxidant capacity of Cur-PDA NPs via the
2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
assay, following the protocol of the total antioxidant capacity
assay kit (Beyotime Technology). Cur-PDA NPs at 25 pg mL™,
50 ug mL~ ", 100 ug mL ™", 200 pg mL ™", and 500 pg mL~" were
introduced into the ABTS solution. After incubation for 10 min
at room temperature in the dark, the mixture was passed
through a 0.22 um micro-pore filter. We measured the optical
density (OD) at 415 nm utilizing UV-vis spectroscopy (n = 3 per
group). Additionally, we determined the ability of Cur-PDA NPs
to consume H,0, using a titanium sulfate colorimetric assay kit
(Solarbio Life Sciences). H,0, (1 mM) was added to 0 pg mL ",
50 ug mL ", 100 pg mL ", and 500 ug mL ™" of Cur-PDA NPs at
room temperature for 1 h. Post-incubation, we passed the
solution through a 0.22 um micro-pore membrane. Residual
H,0, was then quantified via measuring the peroxo-titanium
complex at OD4;o nm (n = 3). Additionally, UV-visible spec-
troscopy was employed to track the degradation of Cur-PDA
NPs in H,0, solutions of 5 mM and 10 mM. To put it simply,
Cur-PDA NPs (100 pg mL ™) were mixed with H,0, (5 mM and
10 mM). This mixture was stored at room temperature for 24 h
in the dark. We subsequently recorded the UV-vis spectra of the
solution.

2.5 Determination of Cur-PDA NPs iron chelating ability

Iron chelation by Cur-PDA NPs was determined with a kit for
iron ion content determination from Solarbio Life Sciences.
FeSO, (100 uM) was added to 25 ug mL ™", 50 pg mL™*, 100 pg
mL ™%, 200 pg mL ™", and 500 ug mL ™" of Cur-PDA NPs for 1 h at
room temperature. Post-incubation, the mixture was filtered via
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a 0.22 pm micro-pore filter. Fe?" concentration in the filtrate
was then quantified by measuring the ODggg nr, Of the blue Fe**-
tripyridyltriazine complex (n = 3). The capacity of Cur-PDA NPs
to chelate Fe** was quantified using the FeSO, standard curve.
Subsequently, to assess the Fe®* chelation ability, and Fe**
solution (125 pM) was added to 25 ug mL™*, 50 pg mL ™", 100 pg
mL ™", 200 ug mL ™", and 500 pg mL ™" of Cur-PDA NPs for 4 h at
room temperature. After incubation, the mixture was filtered via
a 0.22 um micro-pore filter. The filtrate quantity of Fe*" was
determined by measuring the ODsy4 m Of the 2,2"-bipyridine-
Fe*" complex (n = 3 per group).

2.6 Establishment of cell models and exploration of drug
action concentrations

The MTT assay was performed to evaluate cell viability. PC12
cells were introduced into a 96-well plate at 1 x 10" cells per
well. After 24 h of adhesion, various Cur-PDA NPs concentra-
tions were added for 24 h (cytotoxicity experiments). Following
this experiment, cells were further incubated in a high-glucose
medium containing MTT (5 mg mL ") for 4 h. We subsequently
removed the supernatant, and 150 uL of DMSO was introduced
in each well. The mixture was thoroughly in reacted for 10 min
at 180 rpm, 25 °C on a shaker. The OD 499 nm Was measured with
a microplate reader (Infinite M200 Pro multi-mode reader;
Tecan Life Sciences, Minnedorf, Switzerland). To establish
a ferroptosis cell model, PC12 cells were subjected to ferroptosis
induction using erastin (5 uM). Following the outcomes of
cytotoxicity experiments with Cur-PDA NPs, we selected suit-
able concentration ranges of Cur-PDA NPs to intervene in this
model. This approach was employed to evaluate the Cur-PDA
NPs protective effects against this model.

2.7 Viability staining for living/dead cells

PC12 (1 x 10* cells) were added in confocal dishes. Post 24 h co-
incubation with Cur (20 pg mL™") and Cur-PDA NPs (40 pg
mL "), the supernatant was replaced with a medium containing
calcein/propidum iodide (PI) working buffer, following the kit
instructions. The cells were subsequently incubated at 37 °C for
30 min, and then washed with phosphate-buffered saline (PBS).
The red/green fluorescence intensity (PI/calcein) indicating live/
dead cells in different groups was analyzed using an inverted
fluorescence microscope (n = 3). We quantified the integrated
optical density (IOD)/4’,6-diamidino-2-phenylindole (DAPI)
ratio with Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

2.8 Determination of intracellular glutathione (GSH),
malondialdehyde (MDA), and superoxide dismutase (SOD)

In a 37 °C, 5% CO, incubator, PC12 cells were pretreated with or
without Cur (20 pg mL™") or Cur-PDA NPs (40 ug mL ") for 12 h,
followed by a 24 h erastin (5 pM) stimulation. Cells from each
group were then harvested via centrifugation, and total cellular
protein was extracted using cell lysis buffer. GSH, MDA, and
SOD levels were quantified using their respective cell count
normalization kit (n = 3 for each group).
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2.9 Detection of intracellular Fe**, ROS, and lipid peroxides

PC12 cells were seeded at a concentration of 1 x 10* cells in
confocal dishes and pre-protected for 12 h using complete
medium, with or without Cur (20 pg mL™") or Cur-PDA NPs (40
pg mL ™). This was followed by a 24 h stimulation with 5 pM
erastin in complete medium. The cells were then co-incubated
at 37 °C for 30 min with DCFH-DA (10 pM), Liperfluo probes
(10 uM), and FerroOrange (1 pM). After triple washing with PBS,
intracellular changes in Fe*" (red fluorescence), ROS (green
fluorescence), and lipid peroxides (green fluorescence) were
quantified with a fluorescence microscope (Leica DM4000 B;
Leica Microsystems).

2.10 Iron level detection in C. elegans

Detection of iron levels in C. elegans was conducted using the
Iron level detection method. The ability of Cur-PDA NPs to bind
with iron was investigated by utilizing the erastin-treated
transgenic DA2123 strain nematode model. The nematodes
were categorized into four groups: control group, erastin-
treated, and groups treated with either free Cur (20 pg mL ™)
or Cur-PDA NPs (40 pug mL ") for a duration of 24 h. Subse-
quently, all nematodes were exposed to FerroOrange (1 uM) for
1 h and fluorescence microscopy was employed to observe the
Fe”* levels within the nematodes.

2.11 Mitochondrial activity evaluation in C. elegans

PD4251 strain nematode model of ferroptosis induced by erastin.
Mitochondrial were fluorescently labeled with GFP. The nema-
todes were categorized into four groups: control, erastin-treated,
and groups treated with either free Cur (20 pg mL ™) or Cur-PDA
NPs (40 pug mL™") for 24 h. “The fluorescence microscope was
used to assess the mitochondrial levels in the nematodes”.

3. Results and discussion
3.1 Characterization of Cur-PDA NPs

Cur-PDA NPs were generated using a previously established
method involving the oxidative polymerization of Cur doped
with dopamine and maleimide-polyethylene glycol under satu-
rated oxygen conditions (Fig. 1(a)).>* The process took place in
a solvent mixture of NH,OH, ethanol, water, and DMSO, with
the pH adjusted to 8.5. SEM and TEM demonstrated that Cur-
PDA NPs exhibit a uniform spherical morphology with excellent
dispersibility (Fig. 1(b) and (c)).***® The element distribution in
Cur-PDA NPs was analyzed by transmission scanning electron
microscope (SEM) images and elemental mapping (Fig. 1(d)).
The average hydrodynamic particle size of these NPs is
approximately 342 nm, characterized by a narrow size distri-
bution, further affirming the superior water dispersibility of
Cur-PDA NPs (Fig. 1(e)). The Fourier-transform infrared spec-
trum in Fig. 1(f) exhibited a wide absorption attributed to PDA
N-H/O-H stretching vibrations (3135-3650 cm™"), with char-
acteristic peaks at 1510 cm ™" and 963 cm™* corresponding to
the -CO and —-CH stretching of Cur.?”*® The optical absorption
spectrum displayed broadly absorptive properties and a Cur
peak at 440 nm (Fig. 1(g)). Measurement of zeta potential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of Cur—PDA NPs. (a) Schematic of Cur—PDA
NPs preparation. (b and ¢) SEM (b) and TEM (c) images of Cur—PDA
NPs. (d) STEM images and elemental mapping of C, N, and O for Cur—
PDA NPs at the region. (e) Hydrodynamic particle diameter (average) of
Cur—PDA NPs. (f) Fourier-transform infrared spectra of Cur, PDA, and
Cur—-PDA NPs. (g) Cur—PDA NPs ultraviolet-visible absorption
spectrum.

indicated that Cur-PDA NPs surface charge was —24.4 £+ 2 mV
(Fig. S1t). The presented data confirm the successful synthesis
of Cur-PDA NPs. We used the calibration curve (Fig. S2}) and
evaluated the encapsulation efficiency and loading capacity of
Cur within Cur-PDA NPs to be 88.37% = 0.82% and 58.11% =+
0.65%, respectively.

3.2 TIron chelating ability of Cur-PDA NPs

Ferroptosis, characterized by iron-dependent LPO, is influenced
by various cellular metabolic pathways encompassing redox
homeostasis, iron metabolism, mitochondrial function, and the
metabolism of amino acids, lipids, and carbohydrates.*® Given
the pivotal role of iron in ferroptosis, we studied the iron
chelation capabilities of Cur-PDA NPs, particularly toward Fe**
and Fe**. Fe®" forms a pink complex with 2,2'-bipyridine, known
as the 2,2-bipyridine-Fe*" complex. To determine the chelation
ability of Fe*", we measured the levels of this complex after the
addition of Cur-PDA NPs. Following Cur-PDA NPs addition, the
ODsy0 nm Of the 2,2-bipyridine-Fe** complex decreased in
a concentration-dependent manner, confirming the ability of
Cur-PDA NPs to chelate Fe*" (Fig. 2(a) and (b)). Similarly, Fe**
forms a blue terpyridyltriazine-Fe®>" complex. The capability of
Cur-PDA NPs to chelate Fe** ions was assessed by evaluating
the OD value of this complex. The graph clearly reveals
a concentration-dependent reduction in the characteristic peak
of the terpyridyltriazine-Fe*>" complex at 600 nm following Cur-
PDA NPs addition (Fig. 2(c) and S3%). This trend effectively
confirms the capacity of Cur-PDA NPs to chelate Fe>".

3.3 Antioxidant activity of Cur-PDA NPs

Iron-induced OS is closely related to ferroptosis.** An imbalance
between oxidation and antioxidative defenses in the body leads

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The principle underlying iron chelation by Cur—PDA NPs. (a)
UV-vis absorption spectra of the pink 2,2’—bipyridine—Fe3* complex
following Cur—PDA introduction, suggesting that Cur—PDA can
chelate Fe**. (b) Chelation efficiency of Cur—PDA for Fe®*. (c) UV-vis
absorption spectra of the blue terpyridyltriazine-Fe?* complex
following the introduction of Cur—PDA NPs, suggesting that Cur—PDA
NPs can chelate Fe?*. (d) Antioxidant activity of Cur—PDA NPs for non-
enzymatic ABTS method. (e) UV-vis absorption spectra to the titanium
sulfate method to assess the H,O, scavenging capacity of Cur—PDA
NPs. (f) Consumption of H,O, when incubated with Cur—PDA NPs.
The data are provided as mean values with corresponding s.d. (n = 3).

to OS.** Homeostasis by cellular antioxidants is maintained by
regulating oxidation-related non-enzymatic substances and
enzymes.*” Non-enzymatic and enzymatic methods can be used
to measure the antioxidant activity of antioxidants.** We
employed the widely recognized non-enzymatic ABTS method to
preliminarily evaluate the antioxidant capacity of Cur-PDA NPs.
When ABTS reacts with potassium persulfate, it is oxidized into
the monocationic free radical ABTS'', which is positively
charged with a maximum absorption at 634 nm, displaying
a blue/green color. It can receive an electron from antioxidants
to form a stable neutral molecule, leading to a shift in color to
a lighter shade.* The ability of an antioxidant to scavenge
ABTS'" is indicated using inhibition percentage (%). Fig. 2(d)
and S4,1 reveals that ABTS® exhibited a concentration-
dependent decrease following exposure to varying Cur-PDA
NPs concentrations (20-100 pg mL ™). Following this observa-
tion, we used the titanium sulfate method to assess the H,O,
scavenging capacity of Cur-PDA NPs. H,O, reacts with titanium
sulfate to form a peroxo-titanium complex that can be inhibited
using an antioxidant, as detected by spectrophotometry. With
the addition of Cur-PDA NPs at 410 nm, there is a dose-
dependent reduction in the characteristic peak of the peroxo-
titanium complex (Fig. 2(e)). This trend indicates that the
ability of Cur-PDA NPs to deplete H,O, is concentration-
dependent. Moreover, Cur-PDA NPs correspondingly
decreased after 24 h of co-incubation with H,O, (Fig. 2(f)). This
suggests that Cur-PDA NPs undergoes biodegradation in the
presence of ROS.

3.4 Cell viability analysis and cytotoxicity assay

MTT and cytotoxicity assays revealed that Cur maintains a safe
concentration range of 0-20 ug mL™ " over 24 h, with an IC5, of
60 pg mL " (Fig. S5(a) and (b)}). At a concentration of 100 pg

RSC Adv, 2024, 14, 14934-14941 | 14937
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mL ™, Cur-PDA NPs demonstrated minimal toxicity to cells
within the same timeframe (Fig. 3(a)). Furthermore, Fig. S5(a),
featuring acridine orange/propidium iodide staining, suggests
that Cur-PDA NPs exhibits a lesser impact on cell viability than
Cur. All these results indicate that Cur-PDA has good
biocompatibility.

The synthesis of Cur-PDA@Ce6 NPs, through modification
with dihydrochlorin (Ce6), enabled subsequent co-incubation
with PC12 cells over various time periods. Laser confocal
microscopy allowed us to track Ce6 distribution within the cells.
We found that the fluorescence intensity of Cur-PDA@Ce6 NPs
inside the cells progressively increased (Fig. 3(b) and (c)).
Importantly, starting from 6 h post-incubation, Cur-PDA@Ce6
NPs was found to accumulate not only in the cytoplasm but also
within the cell nucleus (Fig. 3(c)). Thus, Cur-PDA NPs exhibits
superior cell compatibility than Cur and possesses beneficial
characteristics in terms of size and cell permeability, laying
a robust foundation for its potential in intracellular antioxidant
activity and ferroptosis inhibition for therapeutic applications.

3.5 Clearance of intracellular iron deposition and
ferroptosis inhibition

The two hallmark features of ferroptosis are iron ion accumu-
lation and LPO.* This form of cell death is initiated by an
imbalance between the generation and elimination of lipid ROS
in cells.* This imbalance results in a depletion of cellular
antioxidant capacity and a subsequent increase in lipid ROS,
which stimulates iron ion accumulation. Thus, agents that
either directly inhibit LPO or reduce cellular iron levels can
mitigate ferroptosis.”” The impact of Cur-PDA NPs on the
intracellular Fe*" levels in erastin-treated cells was observed by
using FerroOrange. As shown in Fig. 4(a) and (b), the content of
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Fig. 4 (a) FerroOrange staining of PC12 cells treated with or without
erastin, Cur (5 pg mL™) and Cur—PDA NPs (10 pug mL™). (b) Quanti-
tative fluorescence graph of (a). Cell survival rate of PC12 cells
following 24 h of treatment with varying Cur—PDA NPs concentra-
tions. (c and d) Perls’ (c) and Liperfluo (d) staining PC12 cells treated
with or without erastin, Cur (5 pg mL™%) and Cur—PDA NPs (10 pg
mL™Y). (e) Fluorescence intensity of Liperfluo in each group. (f) The
cytotoxicity of 5 uM erastin to cells with or without different
concentrations of Cur—PDA NPs. (g) An inverted microscope of
morphological alterations in the cells incubated with DMEM, erastin,
Cur, Cur—-PDA NPs for 24 h; n = 3; *p < 0.05; **p < 0.01; ***p < 0.001.

Fe*" increased in the erastin-treated groups. However, and the
level of Fe*" decreased after Cur treatment, but Cur-PDA NPs
diminished the intracellular Fe** content to normal levels. In
addition, Perls'solution and eosin staining shows that fewer
blue areas in the Cur-PDA NPs-treated cells compared with
erastin treatment (Fig. 4(c)). The quantitative assessment of the
blue (positively stained) pixels presented in Fig. S6, unveiled
that the Cur-PDA NPs exhibited an iron elimination efficiency
that surpassed free Cur by 4.5 times.

Next, Liperfluo probe indicates erastin treatment increases
intracellular LPO; however, Cur-PDA NPs reduces the produc-
tion of lipid peroxides (Fig. 4(d) and (e)), exhibiting significantly
enhanced efficacy compared to Cur alone. Consistent with
earlier observations, the ferroptosis induction in PC12 cells
using erastin allowed us to verify, via the MTT assay, that Cur-
PDA NPs (20 pg mL ") effectively and significantly mitigates cell
death (Fig. 4(f)). Following erastin treatment, we observed
notable morphological alterations in the cells using an inverted
microscope, including diminished protrusions, shortened
synapses, and a transition to a more rounded cell shape
(Fig. 4(g)).*® Subsequent treatments with Cur and Cur-PDA NPs
(20 ug mL™" each) resulted in varying degrees of reversal of
these abnormal morphological changes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.6 Clearance of ROS for mitochondrial function protection

Mitochondria play a central role in ferroptosis, supplying
specific lipid precursors through fatty acid metabolism and
glutaminolysis.*~** Mitochondria-induced lipid peroxides can
instigate mitochondrial LPO and damage ex vivo, fueled by OS.>*
This process interrupts the regulation of mitochondrial iron
homeostasis, culminating in ferroptosis.>® Mitigation of fer-
roptosis also results in a corresponding reduction in mito-
chondrial damage. In our experiments with erastin-induced
ferroptosis in PC12 cells, Cur-PDA NPs (10 pg mL ) effectively
inhibited cell death. To elucidate the mechanism underlying
the inhibition of ferroptosis by Cur-PDA NPs, we assessed
changes in intracellular ROS levels and mitochondrial activity
in the erastin-induced ferroptosis model following Cur-PDA
NPs intervention. Our findings indicated a substantial clear-
ance of intracellular ROS, with a rate of 93% =+ 2.6% (Fig. 5(a)
and S7(a)t). Concurrently, mitochondrial activity exhibited
signs of recovery, a trend more pronounced than that observed
with Cur alone. Moreover, levels of GSH—a critical thiol-
containing molecule in mitochondria vital for antioxidant
defense and iron balance—also increased (Fig. 5(c)).** This
increase in GSH levels indicated a positive correlation with the
restoration of mitochondrial activity.

To further evaluate the antioxidant potential of Cur-PDA
NPs, we monitored alterations in SOD and MDA levels. SOD
contributes crucially to the antioxidant defense system in the
body, scavenging free radicals to mitigate OS.> Its activity serves
as an indirect marker of OS damage in cells. Our experiments
revealed a significant decrease in SOD activity in erastin-treated
cells compared to the normal control group (Fig. 5(d)). However,
following treatment with Cur-PDA NPs, SOD activity was found
to increase, indicating the capacity of Cur-PDA NPs to rejuve-
nate antioxidant enzyme activity and, consequently, reduce OS
levels. Intracellular MDA, an LPO byproduct, serves as an indi-
rect indicator of OS severity in cells. We observed a significant
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Fig. 5 (a) The effects of Cur (5 pg mL™%) and Cur—PDA NPs (10 g
mL™Y) on ROS scavenging. (b) The effects of Cur (5 pg mL™) and Cur—
PDA NPs (10 pg mL™) on the recovery of mitochondrial activity
induced by erastin. (c) Quantitatively analyzed intracellular levels of
GSH. (d) Quantitatively analyzed levels of intracellular SOD. (e)
Quantitatively analyzed levels of intracellular MDA. Data are repre-
sented as mean £+ SD; n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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increase in MDA levels in the erastin-induced ferroptosis group
compared to the control group, indicating enhanced LPO
(Fig. 5(e)). However, treatment with Cur-PDA NPs resulted in
reduced MDA levels, implying its effectiveness in decreasing
cellular LPO and thereby reducing OS. Altogether, these find-
ings highlight the antioxidative activity of Cur-PDA NPs, which
is facilitated by scavenging intracellular ROS and modulating
biomolecules such as MDA and SOD. This activity effectively
mitigates OS damage and promotes mitochondrial functional
recovery, thereby attenuating ferroptosis progression.

3.7 Inhibition of ferroptosis in an erastin-induced nematode
model

Mitigating OS is imperative; however, this alone does not
directly prevent ferroptosis triggered by excessive iron accu-
mulation.’® Consequently, our investigation extended to
assessing iron content in Caenorhabditis elegans. Cur-PDA NPs
was found to effectively facilitate the clearance of Fe*" in these
models (Fig. 6(a)). Quantitative analysis using FerroOrange
fluorescence revealed a substantial clearance rate of Fe?*,
reaching as high as 65.5% (Fig. 6(b)). In normal PD4251 strain
nematodes, mitochondria are evenly distributed and abun-
dant.”” Conversely, erastin treatment weakens mitochondrial
fluorescence significantly, and their count notably decreases,
indicating severe mitochondrial damage caused by erastin-
induced ferroptosis (Fig. 6(c)). Although Cur treatment leads
to a marginal improvement in mitochondrial numbers, the
effect is limited. It is noteworthy that mitochondrial fluores-
cence intensifies in Cur-PDA NPs-treated nematodes, and the
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Fig. 6 (a and b) FerroOrange staining (a) and quantitative analysis of
FerroOrange fluorescence (b) erastin-induced clearance of Fe?* in
nematodes with the treatment of Cur (5 ng mL™%) and Cur—PDA NPs
(10 pg mL™Y). (c) Changes in the number and fluorescence intensity of
mitochondria in nematodes following erastin-induced (5 uM) damage.
(d) Quantitative mitochondrial fluorescence analysis from (c). Data are
represented as mean + SD; n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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count along the body wall is restored to levels comparable to the
normal group (Fig. 6(c) and (d)). We speculate that PDA
encapsulation enhances the absorption of Cur in the nema-
todes, and the inherent antioxidative properties and iron
chelation potential of PDA enhance the therapeutic effects of
Cur-PDA NPs. This segment of the study reveals that Cur-PDA
NPs can chelate iron, clear iron deposits in both cells and
nematodes, resist ferroptosis, and restore mitochondrial
function.

4. Conclusions

Ferroptosis is a form of cell death indicated by iron-dependent
LPO and governed by a myriad of cellular metabolic pathways,
including redox homeostasis, iron metabolism, mitochondrial
activity, and the metabolism of amino acids, lipids, and
carbohydrates. Moreover, ferroptosis is influenced by various
disease-related signaling pathways. In addressing the chal-
lenges associated with Cur, such as poor water solubility,
instability, and rapid metabolism, we have developed Cur-PDA
NPs as an innovative inhibitor of ferroptosis. Our in vitro studies
crucially reveal that Cur-PDA NPs serves as a potent therapeutic
agent against erastin-induced ferroptosis. It achieves this
through antioxidation and iron chelation, thereby preserving
cellular homeostasis and mitigating OS-induced ferroptosis in
PC12 cells. In particular, Cur-PDA NPs reduces Fe** accumu-
lation, offering a novel therapeutic strategy for diseases asso-
ciated with ferroptosis and paving the way for future clinical
applications of Cur.
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