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Suppress Melanoma Growth
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ABSTRACT: Melanoma is highly dependent on cellular metabolism, but current treatments show limited effectiveness. Despite the

promising antitumor properties of curcumin, its clinical utility is limited by its poor bioavailability and potential systemic toxicity. To
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address these challenges, we formulated curcumin-loaded polyethylene glycol—polycaprolactone (PEG—PCL) nanoparticles,
denoted as PEG—PCL@Cur. We employed omics technologies to investigate their impact on melanoma at the molecular level. In
vitro studies revealed that PEG—PCL@Cur notably suppressed the growth, movement, and invasiveness of A375 melanoma cells in
a dose-dependent manner. Untargeted metabolomics identified 347 metabolites that were significantly altered. A decrease in fumaric
acid levels indicated the suppression of oxidative phosphorylation and a shift in metabolism. Proteomics further confirmed the
downregulation of key mitochondrial proteins, such as SDHA, pointing to mitochondrial dysfunction. Mechanistically, PEG—PCL@
Cur increased reactive oxygen species (ROS) production by raising NADH levels and inhibiting SDHA expression. This led to a
reduction in the level of fumaric acid production and a disruption of the tricarboxylic acid (TCA) cycle. Additionally, PEG—PCL@
Cur hindered the generation of inorganic phosphate (Pi), resulting in a decreased level of ATP production. These metabolic changes
promoted apoptosis and enhanced melanoma cell death. In vivo, PEG—PCL@Cur significantly curtailed tumor growth in a
melanoma xenograft model and displayed an enhanced biocompatibility. Histological analysis showed extensive tumor necrosis,
diminished proliferation markers, and elevated levels of apoptosis indicators. Overall, our integrated metabolomic and proteomic
approach highlights how PEG—PCL@Cur targets SDHA-mediated metabolic reprogramming and mitochondrial dysfunction. This
discovery positions PEG—PCL@Cur as a promising nanoplatform for melanoma therapy and offers valuable insights into the

development of targeted nanomedicines.

KEYWORDS: PEG—PCL, melanoma, curcumin, succinate dehydrogenase, metabolic reprogramming

1. INTRODUCTION

Melanoma, a highly aggressive skin cancer with rising global
incidence, presents significant therapeutic challenges due to its
resistance to conventional treatments and rapid progression.l_5
This resistance underscores the need for novel therapeutic
approaches that can target the unique mechanisms driving
melanoma growth and survival. In this context, natural
compounds with anticancer properties have gained attention
as potential alternatives to conventional therapies. Among these,
curcumin, a naturally derived compound with well-documented
anti-inflammatory and antitumor activities, has shown promise
in oncology. Its ability to regulate tumor growth and progression
through multiple molecular pathways makes it a valuable
candidate for cancer treatment.’”' Specifically, curcumin’s
diverse mechanisms of action offer potential to disrupt pathways
critical for melanoma development. However, despite its
therapeutic potential, the clinical application of curcumin is
limited by poor solubility, chemical instability, and low
bioavailability. These challenges reduce its effectiveness in
vivo, highlighting the need for innovative strategies to enhance
its delivery and efficacy in treating aggressive cancers like
melanoma.'' "

To address these limitations, nanotechnology-based drug
delivery systems have emerged as a promising solution. These
systems can improve the solubility, stability, and targeted
delivery of therapeutic agents, thereby enhancing their clinical
efficacy.'*™*° Among them, polyethylene glycol—polycaprolac-
tone (PEG—PCL) nanoparticles have attracted significant
attention. This versatile platform offers improved drug
bioavailability, reduced s%rstemic toxicity, and enhanced
therapeutic performance.” ~>° Encapsulation of curcumin
within PEG—PCL nanoparticles (PEG—PCL@Cur) has been
proposed to overcome the major limitations of free curcumin
such as poor solubility and low bioavailability. By improving
these properties, PEG—PCL@Cur can enhance curcumin’s
antitumor potential. While PEG—PCL@ Cur has shown promise
in cancer therapy, reports on its application in melanoma
treatment remain limited. Moreover, studies investigating the
molecular mechanisms underlying its therapeutic effects against
melanoma are particularly scarce.

Metabolic reprogramming, a defining feature of cancer cells,
plays a crucial role in supporting melanoma growth and
survival.”**° As a metabolically dependent tumor, melanoma
relies heavily on mitochondrial oxidative phosphorylation

(OXPHOS) to meet its energy demands. Disruption of
OXPHOS and related pathways, particularly those regulated
by succinate dehydrogenase (SDHA), has been closely linked to
melanoma progression.”' ~** Given these characteristics, target-
ing metabolic reprogramming offers a promising approach for
melanoma therapy. In this study, we utilized metabolomic and
proteomic analyses to investigate how PEG—PCL@Cur nano-
particles interact with SDHA-mediated pathways. These
nanoparticles were found to inhibit melanoma cell proliferation
by disrupting the OXPHOS and inducing mitochondrial
dysfunction, providing insights into their underlying mecha-
nisms.

This work aims to bridge the gap between the mechanistic
understanding and therapeutic application by investigating
PEG—PCL@Cur in both in vitro and in vivo models of
melanoma. Specifically, we evaluate the nanoparticles’ ability to
regulate metabolic reprogramming, disrupt mitochondrial
integrity, and induce apoptosis through SDHA-mediated
pathways. The findings of this study not only underscore the
potential of PEG—PCL@Cur as an effective antimelanoma
strategy but also provide a robust foundation for the develop-
ment of targeted nanotherapeutics addressing metabolic
vulnerabilities in cancer (Scheme 1).

2. RESULTS AND DISCUSSIONS

2.1. The Preparation and Characterization of APEG—
PCL. Amphiphilic block copolymers are widely used as drug
delivery vehicles in nanomedicine as they can enhance the
solubility, reduce the side effects, and increase the accumulation
of a wide range of hydrophobic drugs on the tumor side. It
should be noted that biocompatibility and biodegradability are
two important factors that must be considered when selecting a
drug delivery vehicle. PEG and PCL have been approved by the
FDA for use as biomaterials; therefore, PEG—PCL-based
biomaterials have attracted a lot of attention. In this work, a
PEG—PCL block copolymer was synthesized through a ring-
opening polymerization of &-CL by using APEG—OH as an
initiator. The chemical structure of the obtained block
copolymer was characterized by NMR and FTIR. Figure 1A
shows the NMR analysis of PEG—PCL. The proton peaks
attributed to the allyl group of the APEG block appeared in 5.8
and 5.3 ppm. The proton peak located in 3.5 to 3.7 belongs to
the methylene group repeated unit of APEG. As for the PCL
block, the chemical shift of the methylene groups was located at
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Scheme 1. Schematic Illustration of the Mechanisms Underlying the Anticancer Effects of PEG—PCL-Loaded Curcumin
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4.0, 2.3, 1.6, and 1.4 ppm, respectively. By comparing the
integrated area of the methyl group on the repeat unit of PCL
with the allyl group of the APEG block, we were able to calculate
the polymerization degree of PCL to be approximately 40 and
the molecular weight to be approximately 4480 g/mol;
therefore, the molar mass of the block copolymer was
approximately 6880 g/mol. Furthermore, the chemical structure
of APELG-PCL was also confirmed by the FTIR spectrum. As
shown in Figure 1B, the characteristic absorption peaks of the
PCL block appeared at 2930 and 2870 cm ™" (vC—H) and 1721
cm™! (vC=0). The peaks at 1652 and 1547 cm™" are ascribed
to APEG block. The peak at 1461 cm™" was attributed to the
bending vibration of CH,, and the absorption peaks at the
frequencies of 1100 cm™" are attributed to the C—O stretching
vibrational of the PEG segment, respectively.

2.2. Size and Morphology of Blank and Curcumin-
Loaded Nanoparticles. Amphiphilic block copolymers can
self-assemble into nanoparticles, in which the hydrophobic
blocks form the inner core and the hydrophilic block forms the
hydrophilic layer. The self-assembly behavior of APEG—PCL in
aqueous solution was characterized by DLS and TEM. As
illustrated in Figure 1C,D, the diameter of the blank nano-
particles was approximately 120 nm, and spherical nanoparticles
were confirmed by the TEM. It is interesting to note that the size
of the curcumin-loaded nanoparticles reached to 125 nm
(Figure 1C), which was larger than that of the blank
nanoparticles. We attributed this phenomenon to the fact that
hydrophobic curcumin was encapsulated in the hydrophobic
core of the nanoparticles. From Figure 1D, we can find that the
nanoparticles remain spherical even though the drug is
encapsulated in the core. The drug loading capacity (DLC) of
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Figure 1. Physical characterization of PEG—PCL or PEG—PCL@Cur nanoparticles. (A) NMR spectrum of PEG—PCL. (B) FTIR spectrum of PEG—
PCL. (C) Size distribution of PEG—PCL and PEG—PCL@Cur nanoparticles measured by DLS. (D) TEM images of PEG—PCL and PEG—PCL@

Cur nanoparticles.

PEG—PCL@Cur was about 71.2%. The zeta potential of PEG—
PCL was —6.27 mV, while that of PEG—PCL@Cur was —1.55
mV (Figure S2). Further, the release profile of curcumin from
PEG—PCL@Cur micelles was evaluated by using an in vitro
dialysis method. The release study was performed in PBS
containing 10% serum to mimic physiological conditions. We
also conducted a kinetic analysis using the first-order kinetics
model. Our data indicate that the curcumin release follows the
first-order kinetics model, with approximately 40.3% of the total
curcumin released over 7 days (Figure S1).

2.3. Inhibitory Effects of PEG—PCL@Cur on A375 Cells
In Vitro. The biocompatibility of the PEG—PCL nanodelivery
system was evaluated by using the CCK-8 assay. No significant
cytotoxicity was observed in A375 melanoma cells at various
PEG—PCL concentrations (Figure 2A). This confirms the
excellent biocompatibility of PEG—PCL, consistent with
previous studies.””*® To assess the antimelanoma effects of
PEG—PCL@Cur, A37S cells were treated with PBS, Cur, or
PEG—PCL@Cur at different concentrations for 24 and 48 h
(Figure 2B). The CCK-8 assay showed that PEG—PCL@Cur
was less toxic to A37S cells than free Cur. This aligns with earlier
findings and highlights the advantages of nanomaterials in
reducing toxicity while maintaining therapeutic effects. The
difference arises from their distinct cellular entry mechanisms.
Unlike free Cur, which passively diffuses into cells, nanomateri-
als like PEG—PCL@Cur use a more targeted internalization
method. This makes them more effective at delivering drugs
while reducing side effects. Mechanistically, the curcumin

33425

delivery pathways differ significantly between free Cur and
PEG—PCL@Cur nanoparticles.”*™** Free Cur enters cells via
passive diffusion, whereas PEG—PCL@Cur relies on a targeted
uptake mechanism. This targeted approach reduces systemic
toxicity and enhances therapeutic efficacy. As a result, PEG—
PCL@Cur achieves a balance between minimizing toxicity and
maximizing treatment effects. Further functional assays
demonstrated that PEG—PCL@Cur significantly inhibited
A375 cell invasion and migration compared with controls,
including free Cur (Figure 2C—F; Figures S3 and S4). This
suggests that PEG—PCL@Cur is more effective at suppressing
key processes involved in melanoma progression.

In summary, these findings provide strong evidence for the
therapeutic potential of PEG—PCL@Cur nanoparticles as a
promising antimelanoma strategy. By effectively targeting cell
invasion and migration, PEG—PCL@Cur could offer a
significant improvement in melanoma treatment.

2.4. Untargeted Metabolomics. Recent studies have
shown that curcumin inhibits tumor cell growth by regulating
metabolic reprogramming.””~** Building on this premise, we
demonstrated that polyethylene glycol—polycaprolactone nano-
particles loaded with curcumin (PEG—PCL@Cur) significantly
suppressed the activity of A37S5 melanoma cells in cellular assays.

Untargeted metabolomics is widely used to examine how
treatments affect cellular metabolism by identifying changes in
metabolites across various pathways. This method provides
valuable insights into metabolic shifts linked to disease or
treatment responses.” ™" To investigate how PEG—PCL@Cur

https://doi.org/10.1021/acsami.5c02854
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Figure 2. Biocompatibility and antimelanoma efficacy of nanoparticles on A375 cells. (A) Biocompatibility assessment after treatment with PEG—
PCL. (B) Inhibitory effects on cell proliferation, (C, D) migration, and (E, F) invasion on A37S cells after treatment with PBS, Cur, or PEG—PCL@
Cur. (a) represents the control group, (b) represents the Cur group, and (c) represents the PEG—PCL@Cur group. * P < 0.0S, ** P < 0.01 compared
to the control group; # P < 0.0S, ## P < 0.01 compared to the Cur group.

impacts tumor metabolic reprogramming, we conducted groups under both positive and negative ion modes.”® This
untargeted metabolomics. The experimental setup included a indicated substantial changes in intracellular metabolites after
control group (A) and a PEG—PCL@Cur-treated group (B), PEG—PCL@Cur treatment. We then used orthogonal partial
each with six replicates. Principal component analysis (PCA) least-squares discriminant analysis (OPLS-DA) to simplify the
was performed first, revealing clear separation between the two model while improving interpretability and maintaining
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Figure 3. Effects of PEG—PCL@Cur nanoparticles on metabolic reprogramming of A375 cells. (A, B) PCA and OPLS-DA; (C) statistics of differently
expressed metabolite; (D, E) heatmaps and volcano plots; (F) KEGG pathways; and (G) network diagram of the metabolite after treatment with PBS

or PEG-PCL@Clur.

predictive accuracy.”’ S-plots derived from OPLS-DA identified
metabolites with VIP values above 1 as the main contributors to
group differences. As illustrated in Figure 3A,B, metabolites
located closer to the primary axes were more significant. Based
on quality control results, metabolites were identified using
spectral databases like HMDB and KEGG.** Secondary
structural confirmation was achieved by matching fragment
ion data with the data in these databases. A total of 347
significantly altered metabolites were identified, including 87

33427

that were upregulated and 260 that were downregulated (Figure
3C). Heatmaps and volcano plots were used to visualize these
changes (Figure 3D,E). KEGG enrichment analysis revealed
that the altered metabolites were mainly associated with
pathways such as central carbon metabolism in cancer, protein
digestion and absorption, mineral absorption, aminoacyl-tRNA
biosynthesis, and alanine, aspartate, and glutamate metabolism
(Figure 3F). Among these, mitochondrial oxidative phosphor-
ylation is a well-studied pathway in cellular metabolic

https://doi.org/10.1021/acsami.5c02854
ACS Appl. Mater. Interfaces 2025, 17, 33422—33438


https://pubs.acs.org/doi/10.1021/acsami.5c02854?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02854?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02854?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02854?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c02854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

A

OXIDATIVE
PHOSPHORYLATION

Intermembrane

Inter Jpace

mitochondrial
membrane

H
1
i
i
Mitochondrial | _,_
;
]
1

/0

"t e Q00 @
LNADH _NAD+ H+_| {Succinate Fumaric acid!
B NADH
40|
£ 30
E w3
= "
E 20
o
en
=2 —_—
10 -
0 4
PEG-PCL@Cur  Ctrl
D Pyrophosphate
301
E
2 291 *
2
|
%h 28
=2
27

PEG-PCL@Cur Ctrl

C Fumaric acid

29 1

z

= P

[}

E 281

& o

g |4 =
27 i

PEG-PCL@Cur  Ctrl

E Phosphate

31

2 30

E *

E

(| =

? |
28 \/
27

PEG-PCL@Cur Ctrl

Figure 4. Metabolomics analysis of PEG—PCL@Cur in A375 Cells. (A) Metabolite changes in the oxidative phosphorylation pathway after PEG—
PCL@Cur treatment. Metabolite levels of (B) NADH, (C) fumaric acid, (D) pyrophosphate, and (E) phosphate after treatment with PBS or PEG—

PCL@Cur. *P < 0.05, **P < 0.01 compared to control.

reprogramming.’”*” Among the 347 significantly altered

metabolites, pathway enrichment analysis identified oxidative
phosphorylation as one of the most prominently affected
pathways, highlighting its critical role in tumor cell energy
metabolism and survival. Given its well-established involvement
in metabolic reprogramming and its potential as a therapeutic
target, we prioritized this pathway for further investigation. As
mitochondria are the main ATP producers, targeting oxidative
phosphorylation to reduce ATP production is a potential
strategy to inhibit tumor growth.”'™>° Thus, oxidative
phosphorylation was chosen for further investigation. In this
pathway, fumaric acid, pyrophosphate, and phosphate levels
were reduced, while NADH levels increased (Figure 3G). Violin
plots were used to illustrate changes in key metabolites, and
KEGG mapping highlighted fumaric acid as the most
significantly decreased metabolite in the PEG—PCL@Cur-
treated group (Figure 4A—E).

2.5. Proteomics. Recent advancements in proteomics have
enabled the identification of differential proteins, offering
essential insights into precision medicine and drug discov-

6738 Building on our metabolomic findings, this study
utilized proteomics to investigate the effects of PEG—PCL@Cur
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on differential protein expression in A37S cells. This approach
aimed to uncover potential molecular mechanisms. Proteomic
analysis was conducted on two groups: the control (A) and
PEG—PCL@Cur-treated (B) groups, with three replicates per
group. PCA results showed clear separation between the groups
(Figure S2), indicating significant protein expression changes
after PEG—PCL@Cur treatment. Differential proteins were
identified based on a fold change (FC) > 1.5 (upregulated) or <
0.67 (downregulated) and a P value < 0.0S. A total of 63
differential proteins were found, with 36 upregulated and 27
downregulated. These findings were visualized using volcano
and heatmap plots (Figure SA—C). To understand the
biological roles of these proteins, Gene Ontology (GO)
annotation categorized them into three domains: biological
processes (BPs), molecular functions (MFs), and cellular
components (CCs). Enriched BP terms included positive
regulation of epithelial cell apoptosis, regulation of endothelial
cell proliferation in sprouting angiogenesis, and inhibitory
synapse assembly. Cellular components were linked to platelet
alpha granule lumen and blood microparticles, while molecular
functions included signaling receptor binding and neurotrophin
binding (Figure S3). KEGG pathway (Figure S4) enrichment
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Figure S. Proteomic analysis of the differential protein expression in A375 cells treated with PEG—PCL@Cur nanoparticles. (A) Histogram of
downregulated and upregulated protein expression, (B) volcano plot, (C) heatmap, and (D) GSEA-KEGG analysis after treatment with PBS or PEG—

PCL@Cur.

analysis highlighted significant impacts of PEG—PCL@Cur on
pathways such as "Cytoskeleton in muscle cells”, "Arrhythmo-
genic right ventricular cardiomyopathy”, and "Viral myocarditis".
However, KEGG analysis primarily emphasizes genes with
pronounced changes, potentially overlooking subtle yet
important alterations. To address this, Gene Set Enrichment
Analysis (GSEA) was performed to assess overall gene
expression trends.”” GSEA identified 21 significantly altered
pathways, with the top 10 presented in Figure SD. Among these,
the oxidative phosphorylation pathway was notably suppressed.
By integrating metabolomic and proteomic analyses, we found
that PEG—PCL@Cur significantly reduced fumaric acid levels,
which is a crucial metabolite in A375 cells. Concurrently, key
proteins involved in oxidative phosphorylation, including MT-
CO3, SDHA, ATPSF1A, NDUFS4, and MT-ND4, were
downregulated. Notably, SDHA, a critical enzyme in this
pathway, showed a marked decrease in the level of expression.
This reduction directly lowered fumaric acid levels and
disrupted mitochondrial oxidative phosphorylation.’*~*
These findings reveal that PEG—PCL@Cur mediates metabolic
reprogramming in A375 cells by targeting SDHA-driven
oxidative phosphorylation. This disruption suppresses tumor
cell proliferation and the metabolic activity. The study provides
mechanistic insights into how PEG—PCL@Cur regulates tumor
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metabolism, offering a basis for developing innovative targeted
therapies.

Our metabolomic analysis showed that PEG—PCL@Cur
lowers fumaric acid and disrupts OXPHOS. In parallel, our
proteomics data showed a clear decrease in SDHA, a key
OXPHOS enzyme. This dual-omics approach proves that
PEG—PCL@Cur targets SDHA-driven mitochondrial dysfunc-
tion. This, in turn, stops energy production and causes cell
dysfunction in melanoma. These results show a strong link
between the metabolomics and proteomics data. The fall in
fumaric acid matches the drop in SDHA. This is supported by
our KEGG analyses. In contrast to free curcumin, which mainly
inhibits glycolysis,"” our results show that PEG—PCL@Cur
mainly stops OXPHOS by lowering SDHA. However, it differs
from studies that focus on glycolysis inhibition in melanoma.
Also, our data show that NADH builds up and leads to more
ROS. This gives new insights into mitochondrial therapies.
These combined findings support the use of PEG—PCL@Cur in
clinical settings. They show that melanoma cells have a weakness
in their metabolism.”® PEG—PCL@Cur disrupts the emulsions
of both OXPHOS and SDHA. This dual action is different from
traditional treatments.

2.6. PEG-PCL@Cur Induces Mitochondrial Dysfunc-
tion and Apoptosis in A375 Cells via SDHA-Mediated
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Figure 6. Effects of PEG—PCL@Cur nanoparticles on A375 cell mitochondria and metabolism. (A) TEM images of mitochondrial morphology, (B)
Awm measurements indicating mitochondrial function, (C, D) SDHA expression and fumaric acid levels, (E, F) ROS production analyzed by confocal
microscopy and flow cytometry, (G, H) apoptosis rates determined, and (I) live/dead staining after treatment with PBS, Cur, or PEG—PCL@Cur. *P

< 0.05, **P < 0.01 compared to control group.

Metabolic Reprogramming. Building on the sequencing
results, we examined whether PEG—PCL@Cur affects A375 cell
growth by disrupting mitochondrial oxidative phosphorylation
(OXPHOS). Transmission electron microscopy (TEM)
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revealed significant mitochondrial changes in treated cells,
such as swelling, rounding, and reduced cristae density,
compared to the control group (Figure 6A). These abnormal-
ities align with our metabolomic and proteomic findings. To
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assess mitochondrial membrane potential (Aym), we used the
JC-1 assay, a key measure of mitochondrial function.®*
Untreated cells displayed high Aym, forming red fluorescent
J-aggregates. In contrast, treated cells showed increased green
fluorescence due to monomeric JC-1 accumulation, indicating a
marked reduction in the Aym (Figure 6B). In this experiment,
free curcumin was included as a positive control group to
provide a direct comparison with PEG—PCL@Clur.

To explore the role of SDHA and fumaric acid in this process,
we measured SDHA expression through Western blotting and
fumaric acid levels using the WST-8 assay. PEG—PCL@Cur
significantly reduced both SDHA expression and fumaric acid
levels (Figure 6C,D and Figure S8). Since SDHA catalyzes the

conversion of succinate to fumaric acid in the TCA cycle, a
decrease in SDHA expression was accompanied by reduced
fumaric acid levels, further confirming SDHA downregulation
and its impact on mitochondrial metabolism. Our metabolomic
data showed a corresponding depletion of fumaric acid,
indicating that SDHA inhibition disrupts fumaric acid synthesis
and further interrupts TCA cycle activity. This metabolic
disruption is critical as melanoma cells rely heavily on
mitochondrial oxidative phosphorylation for energy production.
The reduced availability of fumarate weakens the TCA cycle,
limiting ATP generation and making melanoma cells more
vulnerable to metabolic stress. While our study provides
evidence that PEG—PCL@Cur downregulates SDHA and
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disrupts mitochondrial metabolism, we acknowledge that direct
measurement of SDHA enzymatic activity and comprehensive
quantification of TCA cycle intermediates would further
strengthen the mechanistic link. These aspects will be explored
in future studies.

To further assess mitochondrial function, we measured
intracellular ATP levels, which rely on the TCA cycle activity.
Our results showed a significant reduction in ATP production
after PEG—PCL@Cur treatment, supporting the notion that
SDHA downregulation disrupts mitochondrial energy metabo-
lism (Figure S9). Additionally, our proteomics data confirmed a
significant decrease in SDHA protein levels, reinforcing the link
between PEG—PCL@Cur treatment and impaired mitochon-
drial function. This suggests that PEG—PCL@Cur induces
metabolic reprogramming by targeting SDHA, leading to
fumaric acid depletion and disrupting the TCA cycle, which
ultimately compromises melanoma cell survival. These results
suggest that PEG—PCL@Cur disrupts the metabolism of
OXPHOS by targeting mitochondrial metabolism.

Additionally, PEG-PCL@Cur increased the NADH levels,
leading to excessive ROS production. Simultaneously, reduced
SDHA expression impaired fumaric acid synthesis, disrupting
the TCA cycle. PEG—PCL@Cur also inhibited the production
of inorganic phosphate, which is a critical substrate for ATP
synthesis. This mitochondrial dysfunction led to reduced ATP
levels, compromising cellular energy balance.®”®® Since
melanoma cells are highly dependent on mitochondrial
metabolism, this disruption further amplifies oxidative stress,
exacerbating mitochondrial damage. Increased ROS production,
a hallmark of mitochondrial damage, was confirmed using
confocal microscopy and flow cytometry (Figure 6E;F and
Figure S10). In these experiments, free curcumin was also
included as a positive control group in Figure 6G,H to better
assess the comparative effects on ROS-induced apoptosis.
Furthermore, cleaved caspase-3 is a critical indicator of
apoptosis, and our Western blot results demonstrate that
PEG—PCL@Cur treatment significantly upregulates the ex-
pression of cleaved caspase-3 to induce apoptosis (Figure S11).
The oxidative stress further impaired mitochondrial integrity
and triggered apoptotic signaling pathways. Flow cytometry
analysis confirmed that PEG—PCL@Cur induced apoptosis,
ultimately causing cell death (Figure 6I). While our study
provides evidence that PEG—PCL@Cur downregulates SDHA
and disrupts mitochondrial metabolism, we acknowledge that
direct measurement of SDHA enzymatic activity and
comprehensive quantification of TCA cycle intermediates
would further strengthen the mechanistic link. These aspects
will be explored in future studies. In summary, PEG—PCL@Cur
reprograms melanoma cell metabolism by inhibiting SDHA,
leading to fumaric acid depletion and TCA cycle disruption.
This metabolic vulnerability reduces ATP synthesis and
increases oxidative stress, ultimately impairing the survival of
melanoma cell survival. These results reveal a metabolic
reprogramming mechanism underlying its therapeutic effects
and provide insights into its biomedical applications.

While our findings provide strong evidence that PEG—PCL@
Cur downregulates SDHA and disrupts mitochondrial metab-
olism, certain limitations should be acknowledged. We did not
include normal or noncancerous cells as controls in our
metabolomic analysis, which would help determine whether
PEG—PCL@Cur selectively targets melanoma cells while
preserving normal cell function. Future studies will incorporate
normal human melanocytes for comparison. Further inves-

tigation of these pathways will provide a deeper understanding
of the mechanisms underlying PEG—PCL@Cur-induced cell
death. Addressing these aspects will enhance the translational
potential of PEG—PCL@Cur in melanoma therapy.

2.7. In Vivo Antitumor Efficacy. To assess the antitumor
effects of PEG—PCL@Cur in vivo, we used a subcutaneous
melanoma xenograft mouse model. The mice were treated with
PBS, PEG—PCL, Cur, or PEG—PCL@Cur at a Cur dose of 10
mg/kg. Tumor volume and body weight were recorded
throughout the study. The PEG—PCL@Cur-treated group
showed a significant reduction in tumor volume compared with
the control and Cur-only groups (Figure 7A). However, no
statistically significant reduction in tumor weight was observed
(Figure 7B), which may be due to the limited sample size and
statistical power. To enhance the statistical reliability, future
studies will incorporate larger sample sizes. One limitation of
this study is the use of the A375 melanoma cell line, which,
although widely employed in melanoma research, does not fully
capture human tumor heterogeneity. More clinically relevant
models, such as patient-derived xenografts (PDX) or organoid
models, would better reflect the complexity of human tumors.
Future research will integrate these models to validate the
efficacy of PEG—PCL@Cur in a more physiologically relevant
setting.

This discrepancy between in vitro and in vivo results may be
attributed to the differences in the tumor microenvironment and
drug delivery. Based on the enhanced permeability and retention
(EPR) effect, our nanoparticles can accumulate and remain in
tumor tissues. However, the complex tumor microenvironment
and heterogeneous nature of the EPR effect may result in
suboptimal nanoparticle penetration and uneven drug distribu-
tion. Additionally, we did not measure the intratumoral drug
concentration, which is a limitation of this study. Future work
will address this by conducting pharmacokinetic (PK) and
biodistribution studies to assess drug accumulation and
retention within tumors. Moreover, due to the inherent immune
deficiency in BALB/c nude mice, which lack functional T
lymphocytes, this model is not suitable for investigating
immune-related effects. As a result, the immunomodulatory
effects of PEG—PCL@Cur nanoparticles were not evaluated in
the current study. In future studies, we aim to use more
appropriate models to explore these effects and better
understand the potential of combining PEG—PCL@Cur with
immunotherapies. Furthermore, to improve targeting efficiency,
we plan to functionalize our nanoparticles with specific targeting
ligands, such as PRAME peptides or antibodies, to enhance the
active targeting of melanoma cells. Preliminary explorations will
compare passive targeting via the EPR effect to these active
targeting strategies.

Histological and immunohistochemical (IHC) analyses
provided further insights into the treatment’s effects. Hematox-
ylin—eosin (HE) staining revealed significant necrosis and
nuclear damage in tumors from the PEG—PCL@Cur-treated
group (Figure 7C). IHC analysis showed an increased
expression of the apoptosis marker cleaved caspase-3 (Figure
7D and Figure SS). In contrast, the expression of proliferation
markers K-67 and PCNA was reduced (Figures 7D,E and
Figures S6 and S7).

Additionally, the expression of SDHA, which is associated
with OXPHOS, was significantly reduced in tumors treated with
PEG—PCL@Cur (Figure 7G and Figure S8). These findings
align with the in vitro results. Together, they demonstrate that
PEG—PCL@Cur inhibits melanoma growth by suppressing
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Figure 8. Evaluation of in vivo toxicity and biocompatibility. (A) Body weight and (B) survival rates of mice; (C—I) biochemical analysis of blood

samples; and (J) hematoxylin and eosin staining of major organs, including the liver, spleen, lung, and kidney, after treatment with PBS, PEG—PCL,
Cur, or PEG-PCL@Cur. *P < 0.05, **P < 0.01 compared to the control group.

SDHA, disrupting mitochondrial function, and inducing
apoptosis.

Although our study provides strong evidence of the antitumor
effects of PEG—PCL@Cur, some limitations should be
acknowledged. First, the lack of PK and biodistribution data
makes it difficult to fully assess the targeting efliciency and
retention of nanoparticles in tumor tissues. Future studies will
address this by conducting detailed PK and biodistribution
analyses. Second, the use of a single melanoma model (A37S
xenografts) limits the generalizability of our findings. Future
work will incorporate additional models, including PDX and
melanoma organoids, to better mimic human tumor biology.
Third, while our study highlights the role of SDHA suppression
in PEG-PCL@Cur-mediated tumor inhibition, further mech-
anistic studies, such as metabolic flux analysis, will be needed to
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elucidate the broader metabolic changes induced by this
treatment. By addressing these limitations, future research will
enhance the translational relevance of our findings and provide a
more comprehensive understanding of PEG—PCL@Cur as a
potential melanoma therapy.

2.8. In Vivo Biocompatibility Evaluation. The bio-
compatibility and safety of PEG—PCL@Cur were evaluated
by examining the systemic toxicity and organ function in vivo.
Mice injected intravenously with PEG—PCL@Cur showed no
abnormalities in hematological parameters (Figure 8A—I).
Histological analysis of major organs, including the liver, spleen,
lungs, and kidneys, revealed no signs of toxicity or damage
(Figure 8]). Additionally, the treated mice maintained a stable
body weight and displayed a normal behavior throughout the
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experiment. These findings confirm the excellent biocompati-
bility of PEG—PCL@Clur.

These results align with previous studies that also report the
low toxicity and high safety of well-designed nanocarrier
systems. For example, Behl et al.”’-demonstrated that PEG—
PCL nanoparticles exhibit minimal toxicity in cancer models,
while Grossen et al.’®-and Ferrentino et al.”’ reported excellent
biocompatibility of PEG—PCL-based systems. Moreover, Jung
et al.”provided evidence that such systems support safe cell
transplantation. PEG—PCL@Cur demonstrated no systemic
toxicity or adverse effects on organ health. Our study primarily
focused on short-term toxicity, where we monitored biochem-
ical parameters and histological changes shortly after treatment.
However, we did not conduct long-term toxicity evaluations,
especially regarding organs not assessed in our histological
analysis, such as the brain, heart, and gastrointestinal system. We
recognize that long-term effects on liver and kidney functions as
well as potential alterations in immune responses remain
unaddressed. We plan to conduct extended in vivo studies to
evaluate the chronic toxicity of PEG—PCL@Cur nanoparticles.
These studies include comprehensive analyses of liver enzymes,
kidney function markers, and immune cell profiles over a longer
period. This will help to establish the long-term safety and
suitability of PEG—PCL@Cur for prolonged therapeutic use.
This strong safety profile highlights its potential for clinical use.
It also underscores the importance of designing nanocarriers
that minimize side effects while ensuring therapeutic benefits.

3. CONCLUSIONS

In conclusion, this study reveals the diverse mechanisms by
which PEG-PCL@Cur achieves its therapeutic effects in
melanoma by targeting metabolic reprogramming. PEG—
PCL@Cur exhibited strong in vitro antimelanoma activity by
inhibiting the invasion and migration of A375 cells. Mechanis-
tically, PEG-PCL@Cur increased ROS production by
upregulating NADH levels and suppressing SDHA expression.
This suppression reduced the fumaric acid levels and disrupted
the TCA cycle. Additionally, PEG—PCL@Cur inhibited Pi
generation, which decreased intracellular ATP levels. These
combined effects triggered apoptosis and ultimately caused cell
death. Untargeted metabolomics and proteomics further
validated these findings. They confirmed the inhibition of
mitochondrial oxidative phosphorylation. In vivo experiments
supported these results, showing significant tumor volume
reduction and histological evidence of apoptosis and metabolic
disruption. Overall, PEG-PCL@Cur demonstrates great
potential as a nanotherapeutic platform that modulates
mitochondrial function and metabolic pathways. Future work
should focus on improving tumor-targeting strategies to increase
their effectiveness and explore their potential for clinical
translation.

4. EXPERIMENTAL SECTION

4.1. Materials and Reagents. Stannous octoate and allyloxypo-
lyethyleneglycol (APEG—OH, average M, 2400) were purchased from
Aladdin. Calcium hydride (CaH,) was obtained from Alfa Aesar and
used as received without further purification. e-Caprolactone (e-CL,
98%) was from Sigma-Aldrich and purified by distillation with calcium
anhydride under reduced pressure. All other chemical reagents were
used as received.

The schematic diagram was created using Biorender. Curcumin was
purchased from KKL (USA). The A375 cell line was procured from the
American Type Culture Collection (ATCC, USA). Cells were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS) (Gibco,

USA) and 1% streptomycin/penicillin (Meilunbio, Dalian, China). The
Cell Counting Kit-8 (CCK-8) was sourced from Meilunbio (Dalian,
China). For Western blot analysis, rabbit anti-SDHA (1:1000, CST,
USA) and mouse anti-f-actin (1:20,000, Proteintech Group, China)
were used. Immunohistochemistry (IHC) employed the following
antibodies: rabbit anti-Ki67 (1:1000, Servicebio, China), rabbit anti-
PCNA (1:500, Servicebio, China), rabbit anti-cleaved caspase-3
(1:500, Servicebio, China), and rabbit anti-SDHA (1:2000, Servicebio,
China). All other chemical reagents used in this study were of analytical
reagent grade and utilized in their as-received condition.

4.2. The Preparation and Characterization of Allyloxypolye-
thyleneglycol—Poly(e-caprolactone) Block Copolymer. The
APEG—PCL block copolymer was synthesized via a one-step ring-
opening polymerization of e-CL in the presence of the initiator APEG—
OH and the catalyzer stannous octoate. In a typical reaction, APEG—
OH (2.4 g, 1 mmol) was first added into the Schlenk reactor equipped
with a stirring bar under an argon atmosphere. To remove the water, the
Schlenk reactor was sealed with a rubber plug, placed in an oil bath, and
depressurized at 80 °C for 1 h. £-CL (4.8 g, 42 mmol) was added to the
Schlenk reactor via a syringe under the protection of argon. Finally, after
the addition of the catalyzer stannous octoate into the mixture, the
temperature of the oil bath was set to 105 °C to start the ROP of e-CL.
After 8 h, the reaction was quenched by immersing the Schlenk reactor
into ice—water. The mixture was dissolved in tetrahydrofuran (THF)
and precipitated in hexane. The white precipitate was collected and
dried in a vacuum drying oven overnight. The Fourier transform
infrared spectroscopy of the block copolymer was recorded on a
PerkinElmer Paragon 1000 infrared spectrometer. The chemical
structure of mPEG—PCL was analyzed using a Bruker NMR instrument
(Bruker AV-500), and deuterochloroform was used as a solvent.

4.3. Preparation and Characterization of Blank Nano-
particles. For the preparation of the blank nanoparticles, 10 mg of
APEG—PCL was dissolved in 1 mL of DMSO, and then the mixture was
added into 5 mL of deionized water under continuous stirring.
Subsequently, the mixture was transferred to a dialysis tube and
dialyzed against deionized water for 24 h. The size of the obtained
nanoparticles was recorded on a Malvern particle size analyzer. The
dried state morphology of the nanoparticles was examined with a JEOL
JEM-2100F transmission electron microscope.

4.4. Curcumin Loading and In Vitro Release. Ten milligrams of
APEG—PCL and 1 mg of curcumin were dissolved in warm DMSO,
and the resulting mixture was dropped into deionized water with
continuous stirring. Following this, the solution was decanted into a
dialysis tube and subjected to dialysis against deionized water for a
period of 24 h. The resulting dialysate was then passed through a needle
filter. The size and the dried state morphology of the curcumin-loaded
nanoparticles were recorded on a Malvern particle size analyzer and a
JEOL JEM-2100F transmission electron microscope, respectively. The
concentration of curcumin was determined using an established
standard curve, and the drug loading content (DLC) was calculated
using the following formula:

DLC (%) = w;/w, X 100 (1)

where w; is the weight of curcumin loaded in the nanoparticles and w,
represents the weight of curcumin.

In vitro drug release was conducted as follows: 3 mL of the drug-
loaded nanoparticle solution was placed into a dialysis bag and
transferred to a centrifuge tube containing 27 mL of PBS. The tubes
were then sealed and placed into a 37 °C water bath, where they were
agitated at 100 rpm. At predetermined time intervals, 3 mL of solution
outside the dialysis bag was withdrawn and replaced with 3 mL of fresh
buffer solution. The drug release experiment was repeated three times,
and the curcumin concentration was measured at 420 nm using a UV—
vis spectrometer (UV-3150, Shimadzu, Japan). The accumulated
percentage of released curcumin was calculated using the following
equation:

-1
VX GHVC o
m

Er (%) =
curcumin (2)
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in which m_y,min denotes the mass of curcumin within the micelles, V;
signifies the total volume of the release medium (V is 30 mL), V, is the
volume of the medium exchanged (V, = 3 mL), and C; is the
concentration of curcumin in the jth aliquot.

4.5. CCK-8 Assay. A37S cells were exposed to PBS, Cur, or PEG—
PCL@Cur at curcumin concentrations of 0, 2.5, S, and 10 ug/mL.
Following 24 h of incubation, 10 uL of the CCK-8 reagent was added to
each well, and the plates were incubated for an additional hour.
Afterward, absorbance was measured at 450 nm to determine cell
viability, which was calculated using the following formula:

cell viability (%) = (OD_exp —OD_blank)/(OD_ctrl
— OD_blank)

4.6. Transwell Assay. To assess the invasive behavior, A375 cells
treated with PBS, Cur, or PEG—PCL@Cur were seeded in the
Matrigel-coated upper chambers of a Transwell system. After 24 and 48
h of culture, cells that invaded through the membrane were fixed,
stained, and imaged using a slide scanner for further analysis.

4.7. Wound Healing Assay. Cells were seeded at 5 X 10° cells per
well in six-well plates and grown to approximately 90% confluence. A
scratch wound was introduced using a pipet tip under sterile conditions
followed by treatment with a serum-free medium containing PBS, Cur,
or PEG—PCL@Cur. After 24 and 48 h, wound closure was monitored
by capturing images for quantitative analysis.

4.8. Untargeted Metabolomics Analysis. Untargeted metab-
olomics was performed to assess PEG—PCL@Cur-induced metabolic
reprogramming in A375 cells. Raw spectral data were converted to
mzXML format using MSConvert, and peak detection, alignment, and
quantification were conducted with XCMS using optimized parame-
ters. Total ion normalization corrected system variability. Metabolites
were identified based on accurate m/z ratios and molecular formulas
using HMDB and KEGG, with fragment ion matching for confirmation.
Metabolites within 30 ppm deviation were selected for analysis.
Statistical analysis via principal component analysis (PCA) and
orthogonal partial least-squares discriminant analysis (OPLS-DA)
distinguished control and treatment groups, with key metabolites
identified by variable importance in projection (VIP) scores > 1 and P
values < 0.05. KEGG pathway analysis linked differential metabolites to
biological processes, visualized using KEGG Mapper and heatmaps.

4.9. Proteomics Analysis. Proteomics was used to analyze protein
expression changes in A375 cells treated with PEG—PCL@Cur. Protein
identification was based on accurate m/z ratios and peptide
fragmentation patterns, using UniProt and NCBI databases, with
proteins identified at <1% FDR. Differentially expressed proteins were
selected based on a >1.5-fold increase or <0.67-fold decrease and P
value < 0.05. PCA was performed to visualize group differences. Key
proteins were identified using VIP scores > 1. Functional enrichment
was performed with GO, KEGG, and GSEA KEGG pathway analysis.

4.10. Live/Dead Staining. To assess cell viability, A375 cells were
seeded in six-well plates and treated with PBS, Cur, or PEG—PCL@
Cur. Subsequently, Calcein-AM and PI staining solutions were added
followed by incubation at room temperature in the dark for 45 min.
Afterward, the staining solution was removed to terminate the reaction.
Cells were visualized under a fluorescence microscope for live and dead
cell analysis.

4.11. ROS Detection. A375 cells were seeded at § X 10° cells per
well in six-well plates and treated with PBS, Cur, or PEG—PCL@Cur.
To detect ROS levels, cells were incubated with DCFH-DA at 37 °C for
30 min. After incubation, the cells were washed three times with PBS
and harvested by trypsinization. ROS generation was analyzed by using
a confocal laser scanning microscope or flow cytometry.

4.12. Apoptosis Analysis. To assess apoptosis, A375 cells were
seeded at 5 X 10° cells per well in six-well plates and treated with PBS,
Cur, or PEG—PCL@Cur. The cells were stained with Annexin V-APC
and 7-AAD by using a commercial apoptosis detection kit. Following
staining, samples were analyzed by flow cytometry, and the data were
further processed using the Flow]Jo software for quantitative evaluation.

4.13.JC-1. A375 cells were seeded in six-well plates and treated with
PBS, Cur, or PEG—PCL@Cur. Cells were incubated with 1 mL of JC-1
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staining solution at 37 °C for 20 min, washed twice with 1X JC-1 buffer,
and resuspended in 2 mL of the culture medium. The mitochondrial
membrane potential was analyzed via confocal laser scanning
microscopy.

4.14. Western Blot Analysis. Western blotting was performed to
quantify the SDHA and f-actin expression in A375 cells treated with
PBS, Cur, or PEG—PCL@Cur. Proteins were extracted and quantified
by using a BCA kit, separated by SDS-PAGE, and transferred onto
PVDF membranes. Subsequently, the membranes were probed with
specific primary antibodies followed by secondary antibody incubation.
Signal visualization was achieved by using a chemiluminescent
substrate.

4.15. Animal Experiments. The animal use protocol was reviewed
and approved by the Animal Ethics and Welfare Committee of the
Guangzhou Forevergen Biosciences Laboratory. In vivo experiments
were conducted using BALB/c nude mice (4—6 weeks old) in
compliance with ethical guidelines (Approval IACUC-AEWC-
F240910021). A37S cells were suspended in a matrix gel and injected
subcutaneously into the mice. When tumor volumes reached 50—100
mm?, the mice were randomly divided into four groups: control, PEG—
PCL, Cur, and PEG—PCL@Cur. To ensure a fair comparison between
free Cur and PEG—PCL@Cur, the curcumin dose was kept constant at
10 mg/kg for both Cur and PEG—PCL@Cur groups. Treatments were
administered intravenously via tail vein injections, and tumor volume
and body weight were measured at regular intervals. At the study end
point, the animals were euthanized, and tumors and organs were
harvested for analysis.

4.16. Immunohistochemistry. IHC analysis was performed to
detect K-67, PCNA, cleaved caspase-3, and SDHA expression in tumor
tissues. After deparaffinization and antigen retrieval, the sections were
incubated with primary and secondary antibodies. Protein expression
was visualized with DAB staining and counterstained with hematoxylin
for microscopic evaluation.

4.17. Hematoxylin—Eosin Staining. Tumor tissues and major
organs (heart, liver, spleen, lung, and kidney) were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned. These sections
were stained with hematoxylin and eosin, dehydrated, and mounted
using neutral balsam. Morphological changes were evaluated by
microscopy or slide scanning.

4.18. Statistical Analysis. Statistical comparisons were performed
using either the Student’s t test or one-way ANOVA, with quantitative
data represented as mean values + standard deviation (SD).
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