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ABSTRACT: Melanoma is one of the most aggressive types of cancer and is prone to
metastasis, making current clinical treatment quite difficult. The usage of the first-line
medication dacarbazine (DTIC) for melanoma is limited due to harsh side effects, limited water
solubility, and a short half-life. To tackle these disadvantages, polylactic acid-hydroxyacetic acid
copolymer nanoparticles (NPs) loaded with dacarbazine and ursolic acid (NPs) were fabricated,
which were further encapsulated with a red blood cell membrane (RNPs). MTT, apoptosis
assay, wound healing assay, colony formation assay, and immunohistochemistry were used to
assess the antitumor effect of NPs and RNPs. Ferroptosis evaluation was implemented using
GSH detection and the malondialdehyde assay. We found that RNPs exhibited stability and
biosafety in vitro and in vivo and achieved superior anticancer ability against xenograft tumors
compared with single agents and NPs, which indicated the synergistic and biomimetic efficacy.
Furthermore, ferroptotic activity was observed in RNPs-treated tumor cells, and ferroptosis
inhibition could partially rescue melanoma cells from RNPs-induced cell death. Collectively, this
study evaluated the potential of RNPs as a novel biomimetic nanomedicine for synergistic melanoma therapy by eliciting ferroptosis
in tumor cells with both anticancer activity and biosafety.

■ INTRODUCTION
Cancer is the main cause of mortality and a significant obstacle
to extending life expectancy in every country.1 Melanoma is a
heterogeneous disease that is one of the worst kinds of
metastatic cancer. The mortality and incidence of melanoma
have also been rising in recent years.2,3 Various treatment
methods, including immunotherapy and molecular targeted
therapy, have steadily evolved in the clinical management of
melanoma, however, the tumor’s immunosuppressive milieu
renders the targeted medication response rate relatively
poor.4,5 Therefore, chemotherapy is still used as the best
first-line cancer treatment. Nevertheless, in monotherapy with
continuous chemotherapy, cancer cells can bypass the
pathways affected by chemotherapeutic agents and induce
drug resistance, leading to poor efficacy and recurrence, so a
synergistic combination of various chemotherapeutic agents
would naturally be an ideal alternative strategy.6−8 With the
development of multidrug delivery systems or multifunctional
nanocarriers for synergistic multiple therapeutic modalities like
photodynamic therapy, radiation therapy, and photothermal
therapy, the concept of coencapsulating multiple drugs with
various antitumor activities has been explored for cancer
therapy.9,10

The application of chemotherapeutic agents for melanoma
such as dacarbazine (DTIC), Temozolomide, and cisplatin
depends on the clinical stage of the disease.11 Among these

chemotherapeutic drugs, DTIC is one of the most common
medications for melanoma treatment,12 which destroys cancer
cells by introducing an alkyl group into their DNA.
Furthermore, DTIC’s utility in the treatment of melanoma is
restricted by its poor water solubility; delayed, partial, and
unstable absorption by the body; structural instability; and
light sensitivity.13−15 Furthermore, DTIC has a short half-life,
which limits its use in conjunction with other medicines. It has
nonspecific harmful effects on normal cells, with side effects
such as bone marrow suppression, like other alkylating
drugs.16,17 As a result, it is urgently warranted to design an
appropriate delivery method for DTIC in conjunction with
other medications for targeted and efficient distribution to the
tumor site and mitigating harmful side effects stemming from
the drugs’ physicochemical qualities. Ursolic acid (UA) (3
-hydroxy-urs-12-en-28-oic acid) is a pentacyclic triterpene acid
present in many natural plants.18 It has a wide spectrum of
anticancer pharmacological actions, including tumor cell
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apoptosis induction and multidrug resistance reversal.19,20

Previous research has indicated that UA can promote the
generation of reactive oxygen species (ROS) in tumor cells,21

but whether it can improve the therapeutic impact of DTIC is
yet uncertain. In the current investigation, we studied the
potential mechanism of action of UA as a synergistic
medication codelivered to improve DITC cytotoxicity and
overall therapeutic effect.
Polylactic acid-hydroxyacetic acid copolymer (PLGA), a

biodegradable functional polymer organic compound with

superior biocompatibility, nontoxicity, and capsule- and film-
forming properties, is widely used in pharmaceuticals and has
been officially recognized as a pharmaceutical excipient by the
United States Pharmacopeia.22−24 Various PLGA drug micro-
spheres have been described, among which PLGA micro-
spheres as carriers for various cancer medications is a research
hotspot, thus it is critical to discover an effective drug delivery
carrier based on PLGA’s excellent biocompatibility and
nonbiotoxicity.25−28 In addition to concurrent extended
research on drug delivery via nanomaterial carriers, academics

Figure 1. Characterization of fabricated nanoparticles. Size distribution images of (A) NPs and (B) RNPs. (C) Comparison between sizes of two
nanoparticles. (D) Zeta potential of NPs and RNPs. (E) Images of synthesized RNPs. The scale bars represent 200 nm. (F) SDS−PAGE analysis of
RNPs, RBCM, and RBC. (G)We stern blot analysis of RBCM, RNPs, NPs, and RBC for characteristic RBCM marker CD47. (H) The pattern of
particle size changes of NPs and RNPs in PBS. In vitro analysis of drug release percentage under (I) pH 6.5 and (J) pH 7.4.
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have presented the notion of a bionic drug delivery system
based on “natural simulation”, and bionic carriers are
extensively employed due to their benefits in recreating the
qualities of natural materials.29,30 Cell-derived bionic carriers,
in particular, have been explored due to their low
immunogenicity, extended circulation duration, and strong
targeting characteristics. The most typical bionic normal red
blood cell membrane (RBCM)-derived nanocarriers of human
cell origin may adsorb fewer plasma proteins (particularly
immunoglobulins) in vivo, extend blood circulation time,
efficiently penetrate dense tumor tissues, and show superb
anticancer treatment effectiveness.31−33 Therefore, after being
endowed with bionic modification based on the synergistic
coloading of various drug systems, the antitumor activity of
PLGA nanospheres will be considerably strengthened,
effectively improving the limitations of standard single-agent
chemotherapy.
In the present study, considering the pharmaceutical

properties of DTIC and the potential utilization of UA in

melanoma treatment, we developed an erythrocyte membrane-
modified PLGA dual drug delivery system, which was capable
of efficiently inhibiting melanoma in vitro and in vivo by
modulating the intrinsic ferroptosis-related pathways and
subsequently eliciting tumor cell death, assuring biocompati-
bility at the same time.

■ RESULTS
Fabrication and Characterization of Biomimetic

Nanoparticles. A biomimetic codelivery system was ingen-
iously designed, which includes dacarbazine and UA as
therapeutic agents and PLGA and encapsulated RBCM as
the drug-loading platform. A dosage ratio of 1.0:1.0 was
selected for DTIC and UA based on the statistics of the drug
loading content (LC) and encapsulation efficiency (Table S1).
After the successful fabrication and preparation of NPs and
RNPs, we first conducted an evaluation of their character-
ization as pharmaceuticals. The size distribution rate of NPs
and RNPs was evaluated (Figure 1A,B) and the average size of

Figure 2. Confocal images demonstrating intracellular uptake peculiarity of NPs and RNPs. (A) Separate and merged images of two NPs labeled
with DAPI, DiD, and C6. Scale bar = 20 μm. Images of cellular uptake patterns of NPs and RNPs in (B) RAW264.7 and (D) B16 cells.
Fluorescence intensity quantified analysis of NPs and RNPs in (C) RAW264.7 and (E) B16 cells, respectively. *p < 0.05, **p < 0.01.
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NPs was calculated as 85.1 nm, which increased to 120.6 nm
after being coated within RBCM (Figure 1C). The zeta
potential of NPs and RNPs was measured respectively as
−4.91 and −13.16 mV (Figure 1D). Transmission electron
microscopy (TEM) images indicated that RNPs presented a
unilaminar layer enclosing the synthesized nanospheres
(Figure 1E). The increase in RNP particle diameter and
negative surface charge as well as the morphological evidence
verified the successful wearing of the “invisible suit” of the
RBCM.
Protein contents of RNPs, RBCM, and pure red blood cells

were extracted and examined, and we found that RBCM
proteins almost remained unchanged and the membrane
retained on the surface of NPs (Figure 1F). We also observed
that the expression of CD47, which is crucial to the immune
suppressive effect that RBCM exhibits in the delivery system,
was stable during the entire manufacturing process and

retained its absence in NPs (Figure 1G). Furthermore, in
vitro size change and drug release of the nanodrug platform
were investigated. The size change patterns of NPs and RNPs
were both generally similar and stable (Figure 1H), which
correlated the results of in vivo pharmacokinetics in that both
nanoparticles (NPs) exhibited stable release characteristics
compared with single agents (Figure S1A,B). Under the pH of
6.5 and 7.4, DTIC’s release percentage was shown to rise to
40% in the first two h and then both medications released in a
similar manner over the next 48 h, peaking at about 80% and
60%, respectively (Figure 1I,J). These results of in vitro and in
vivo experiments suggested the potential of RNPs as a
biomimetic nanodrug platform.
Cellular Uptake Features of NPs and RNPs. The cell

nucleus, the RBCM, and the NPs were each labeled in a
distinct color with combined picture displayed in the final
panel (Figure 2A). We observed the colocalization of different

Figure 3. Anticancer effects of different kinds of drugs presented as impacts on various biological properties of B16 cells. Results of cell viability
assay with the administration of four different drugs which include (A) UA, (B)DTIC, (C) NPs, and (D) RNPs. (E) Diverse effects on cell
migration and (F) parallel quantified analysis of MR. (G) Clonogenicity assay images and (H) the bar chart of its counting result. (I) Outcomes of
calcein/PI staining and (J) semiquantitative analysis. Scale bar = 50 μm. ns means no statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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signals in both NPs and RNPs groups, suggesting the uptake of
NPs by tumor cells. We also characterized the cellular uptake
features of two NPs in two cell types, and we found that the
phagocytotic effect of macrophages was suppressed when they
encountered RNPs (Figure 2B,C) while greater fluorescent
intensity was observed in tumor cells, indicating more NPs
were taken in, particularly by cancer cells (Figure 2D,E). These
results were further validated by flow cytometry experiments
(Figure S2A,D), suggesting that the RNPs could partly evade
macrophage phagocytosis and exhibited superior tumor
uptake.

Influence of NPs on Cell Viability and Apoptosis. The
dose range of UA and combined use of two drugs for
prospective efficacy was evaluated beforehand (Figure S3A,B).
We confirmed the synergistic pharmaceutical effect of two
drugs under two conditions of concentration with the
combination index calculated as 0.96 and 0.82, respectively
(Figure S3C). B16 cells were applied with four different drugs
of UA, DTIC, NPs, and RNPs and we observed that the
antitumor efficacy of four agents was notable in a dose- and
time-dependent manner (Figure 3A−D). We observed that
NPs and RNPs could both inhibit the migration of tumor cells
more effectively compared with the other groups (Figure

Figure 4. Evidence of occurring ferroptosis during the anticancer activity. Further cell viability assay to prove the occurrence of ferroptosis with the
presence or absence of (A) DFO and (B) Fer-1. Analyses of (C) GSH and (D) MDA concentration. (E) Western blotting assay of ferroptosis
marker proteins of ACSL4, SCL7A11, and GPX4. (F) Intracellular ROS levels with different ways of treatment. Scale bar = 10 μm. (G) Detection
of MMP (ψ) in melanoma cells. Scale bar = 10 μm. ns means no statistical significance, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3E,F). We also confirmed the similar antitumor capacities of
RNPs relative to other groups regarding proliferative inhibition
(Figure 3G,H). As depicted in Figure 3I,J, NPs, RNPs, and UA
+ DTIC displayed substantial cellular killing effect compared

with those of other groups. The results suggested that the UA
and DTIC combination produced the synergistic impact.
Verification of Ferroptosis Underlying NPs and RNPs.

Ferrostatin-1 (Fer-1) and deferoxamine (DFO) are two

Figure 5. In vivo efficacy of NPs and RNPs against B16 melanoma and the biosafety assessment. (A) Alteration of tumor volume and (B) Tumor
weight in all groups during treatment. (C) Images of fluorescent IHC incubated with Ki-67 antibody. Scale bar = 50 μm. (D) Images of tumors
resected. (E) Changes in body weight of nude mice. (F) Results of hematoxylin−eosin staining of different organs in nude mice treated with NPs.
Scale bar = 100 μm. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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effective ferroptosis inhibitors that may prevent peroxidation
processes initiated by iron in ferroptosis.34 Both ferroptosis
inhibitors did not elicit cell death but partially rescued the
antitumor effect of UA, indicating that ferroptosis plays a
fundamental role in the mechanism of UA cytotoxicity (Figure
4A,B).
According to the existing research, the complicated process

of ferroptosis would entail lipid peroxidation into MDA and
the prevention of this procedure is partially dependent on GSH
production.35 In the present study, the application of RNPs
could significantly induce lower GSH levels and higher MDA
levels compared with those of other groups (Figure 4C,D).
Three biomarker proteins (ACSL4, SLC7A11, and GPX4) for
ferroptosis were examined, and we observed that the positive
regulator ACSL4 was significantly elevated while two negative
marker proteins (SLC7A11 and GPX4) were both remarkedly
downregulated with the confirmation of quantitative analysis
(Figures 4E and S4A−C). It should be noted that ferroptosis
cell death is attributed to oxidative damage, which is directly
triggered by certain types of ROS.36 Measurement of ROS was
performed with the fluorescence of dichlorofluorescein (DCF)
and we found that cells coincubated with NPs and RNPs
generated a substantially higher amount of ROS (Figure 4F).
Furthermore, ferroptosis is also frequently associated with the
degradation of mitochondrial structure and function and the
mitochondrial membrane potential (MMP) was measured by
JC-1 staining.37 We observed that there was a low intensity of
red fluorescence in the RNPs group, indicating that the drug
might induce the onset of ferroptosis by causing enormous
damage to mitochondria (Figure 4G). Considering the
biomarkers tested above in the treated B16 cells, we speculated
that ferroptosis was primarily responsible for the anticancer
effect observed in the action process of NPs and RNPs.
In Vivo Therapeutic and Biocompatibility Evaluation.

B16 cell tumor-bearing nude mice were randomly separated
into six groups for in vivo antitumor effect assessment. We
found that the RNPs elicited the best tumor growth inhibition
and resulted in the lowest average tumor weight compared
with other therapeutic agents and control group (Figure 5A,B).
A higher percentage of Ki-67 positive cells from immunohis-
tochemical (IHC) staining indicates more rapid tumor growth
and a worse prognosis, and we observed that the expression of
Ki-67 was obviously decreased after effective drug therapy with

all the treatment groups, especially in the RNPs group (Figure
5C). The therapeutic effectiveness of RNPs was further
confirmed by pictures of tumor mass, which showed a
substantially decreased tumor volume compared to other
groups (Figure 5D). The above findings suggested that RNPs
had a superior antitumor impact and could efficiently
suppressed tumor development and progression in vivo.
The measurement of body weight of mice and H&E staining

of major organs were utilized to examine systemic safety and
biocompatibility of different therapeutical drugs. We found
that all groups of mice generally maintained their body weight,
indicating that there was no obvious systemic toxicity during
the treatment (Figure 5E). The tissue H&E staining photos
revealed that the administration of all therapeutic medicines as
well as PLGA would cause no significant damage to key organs,
including the heart, liver, spleen, lung, and kidney (Figure 5F).
In summary, as illustrated in Figure 6A, an antimelanoma

biomimetic drug delivery system was designed and prepared.
The RNPs exhibited significant antitumor activity against cell
viability, migration capacity, and clonogenic ability in vitro, as
well as growth speed in tumor-bearing xenograft mice. We also
observed that the synergistic anticancer effect derived from UA
could be attributed to its ability to elicit ferroptosis in tumor
cells, which proposed a novel mechanism underlying UA’s
pharmaceutical potency (Figure 6B). These results together
suggested that the nanomedicine of RNPs obtained better
anticancer performance with the fewest unwanted side effects
and proved a promising antimelanoma candidate ensuring both
efficacy and biosafety.

■ DISCUSSION
Melanoma is a common malignancy whose incidence rates are
rising, particularly in white populations, posing a great threat to
global health.38 Despite the advances in immunotherapy and
surgical management, DTIC remains a major chemotherapeu-
tic drug for advanced and metastatic melanoma, commonly
utilized alone or combined with immune checkpoint blockade
or target therapy.39−41 However, considering its toxicity to
normal organs, poor solubility, photosensitivity, and instability
in vivo, better drug delivery strategy and adjuvant drugs are
urgently needed to improve the biocompatibility and efficacy
of DTIC. In the present study, we discovered that the
combination of DTIC and UA with RBCM and PLGA delivery

Figure 6. Schematic illustration of (A) preparation of a biomimetic codelivery system and (B) molecular mechanisms associated with the regulation
of drug release from the system into the tumor site as well as the nanomedicine-induced ferroptosis of tumor cells.
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system exerted a synergistic antitumor effect against melanoma
B16 cells with enhanced delivery efficiency and attenuated
macrophagic elimination.
Ferroptosis is a novel cell death driven by iron-dependent

phospholipid peroxidation and, therefore, ferroptosis-related
metabolic pathways could be targeted and manipulated to
potentiate cancer treatment clinically.34,42 Previous studies
have reported that the application of UA could function as an
auxiliary therapeutic drug for sorafenib and induce ferroptotic
death in various cancer types, including liver, lung, breast,
colon, gastric, and prostate cancer.21 However, the role of UA
in treating melanoma and whether it could also function by
eliciting ferroptosis remains unclear. In our study, three
proteins (ACSL4, SLC7A11, and GPX4) were selected and
detected as biomarkers during ferroptosis. ACSL4 functions as
a positive regulator in structuring cellular phospholipids during
lipid metabolism dysregulation and GPX4 in the membrane
can directly convert lipid hydroperoxide to equivalent lipid
alcohol, whose inactivation would accelerate the process of
lipid peroxidation and finally result in ferroptosis.36 Also,
SLC7A11 functions as a reverse regulator of ferroptosis by
participating in the formation of the cystine/glutamate
antiporter (System XC−), which can regulate ferroptosis by
navigating cystine entering cells and dysfunction of the
pathway directly leads to the blockade of GSH synthesis.43

Other ferroptotic biomarkers including MDA, GSH, and MMP
were examined as well, and we confirmed the onset of
ferroptosis after UA treatment.
Furthermore, we developed the combined therapeutic NP of

RNPs in a biomimetic drug delivery platform composed of
PLGA and RBCM, which was proved to improve drug delivery
efficiency and augment biocompatibility compared to single
agents. As expected, RNPs predominately exhibited superior
potency compared to NPs, which could be explained by the
membrane proteins of the RBCM mediating the protective
effect of evading immune-induced clearance by macrophages.
Among these proteins, it is previously documented that CD47,
which possesses a “do not eat me” signal and therefore
immune-evading property, plays a significant role in suppress-
ing phagocytosis.44 Therefore, RAW 264.7 cells demonstrated
significantly less intracellular uptake of RNPs than NPs and it
was further confirmed that RNPs exhibited more cellular
uptake by cancer cells than NPs, both indicating the intrinsic
biocompatibility of RNPs. The encapsulation of RBCMs on
the surface of the NPs might help them escape the clearance of
phagocytosis and subsequently prolong the blood half-life,
resulting in more effective therapeutic ingredients arriving at
tumor sites and exerting tumor-inhibiting activity.
Nevertheless, several limitations still exist in this study. First,

all experiments in the present study were implemented in vitro
or in nude mice, which could not fully reflect the antitumor or
biotoxicity effect of RNPs and NPs inside human bodies, and
further experiments in other animal models are warranted.
Furthermore, the pharmaceutical mechanism of UA should be
revisited, because its anticancer effect could only be partially
attributed to ferroptosis according to the results. Ferroptosis
combined with other forms of cell death, including apoptosis
and autophagy, might contribute to the antitumor effect
together. We suggested that the cell death mechanism should
be explored in an intact manner. Finally, it is also worth noting
that the tumor immune microenvironment plays a major part
in cancer progression and therapeutic resistance.45,46 Consid-
ering that immune and myeloid cells in the tumor ecosystem

are subject to the ferroptotic modulation47,48 and may
influence the curative effect of RNPs, experiments in
immunocompetent mice and other immuno-oncology animal
models are further warranted.

■ CONCLUSIONS
Collectively, we created a drug delivery platform comprising
PLGA, UA, and DTIC for the treatment of melanoma,
intending to achieve high targeting efficiency while minimizing
toxicity. During the in vitro experiment, we assessed the NP’s
characteristics as well as its therapeutic effectiveness against
B16 cells and discovered that ferroptosis played an important
part in the therapeutic process. In vivo testing confirmed the
antitumor effect and biocompatibility of RNPs as potential
chemotherapy drug. We can conclude that with further
structural optimization and trials, the NP agent can be
qualified as a promising chemotherapeutic drug against
melanoma.

■ METHODS
Materials. Dacarbazine (≥99.0%), UA (≥99.0%), and

Coumarin-6 (C6) (≥98.0%) were purchased from Macline
Biochemical Technology Co. (Shanghai, China). 1,1′-Dio-
ctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-Chloro-
benzenesulfonate (DiD), detergent-compatible Bradford pro-
tein assay kit, Coomassie Blue staining solution, and 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) and Calcein-AM/PI Double Stain Kit Calcein-AM/
were purchased from Beyotime Biotechnology Co. (Nantong,
China). Crystalline violet staining solution and 4% parafor-
maldehyde were purchased from Fcmcs Biologicals (Nanjing,
Jiangsu, China); ROS Assay Kit and MMP assay kit were
purchased from Eisen (Shanghai, China).
Cell Lines and Animals. B16 cells were purchased from

Shanghai Fuheng Biotechnology Co., Ltd. Mouse macrophage
RAW264.7 cells were obtained from the Institute of
Biochemistry and Cell Biology, Shanghai Institute of Biological
Sciences, Chinese Academy of Sciences (Shanghai, China).
Cells were incubated in a constant temperature incubation
oscillator (Shanghai Zhicheng Analytical Instrument Manu-
facturing Co., Ltd., China) if not mentioned otherwise. Female
nude mice 4−6 weeks old were obtained from the Animal
Core Facility of Nanjing Medical University. All animal
experimental procedures were approved by the Nanjing
Medical University Ethics Committee for Animal Laboratory
Research and followed the guidelines of ethical regulations for
institutional animal care and use at Nanjing Medical University
(approval number: 2104050).
Preparation of NPs. The nanomedicine was manufactured

by a previously reported method.49 In brief, a certain amount
of PLGA (30 mg), DTIC (6 mg), and UA (6 mg) was
dissolved in 1 mL of dichloromethane as the organic phase,
and PVA solution was prepared as the aqueous phase. The
former was emulsified with a PVA solution. With constant
stirring for 4 h at room temperature, the organic solvent in the
obtained suspension was evaporated and subsequently
centrifuged to harvest the precipitate of target NPs. The C6-
labeled PLGA NPs (C6-NPs) were prepared with a similar
method except for the replacement of two drugs with 0.1 wt %
C6.
Isolation and Purification of RBCMs. Several healthy

mice were selected for the collection of fresh whole blood. The
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extracted sample was centrifuged at 300g for 5 min (4 °C).
The sedimentation was washed with 1 × phosphate buffered
saline (PBS, pH 7.4) two times followed by the lysis of deposit
red blood cells with 0.25 × PBS for 30 min on ice. The cell
solution was centrifuged at 7000g, 15 min (4 °C). Then the
harvested precipitate was resuspended in 0.25 × PBS. The
obtained solution was stored in deionized water at −80 °C.
Preparation of RNPs. The fabrication of RBCM-cloaked

NPs was completed according to a protocol of the sonication
method. The RBCM solution was added to NPs in liquid
condition, and the mixture was ultrasonicated in ice water for
20 min to coat the surface of NPs and obtain RBCM-cloaked
NPs (RNPs).
Characterization of NPs. The size and zeta potential of

two types of fabricated particles were measured by dynamic
light scattering (DLS), respectively, and the morphological
features were then observed by TEM (JEOL JEM-1010328
electron-microscope, Japan). To further verify the RBCM
coated on NPs, three agents were extracted, respectively, for
the detection of their contents. The concentration of each
sample was calculated using a BCA protein quantification kit
and adjusted. Then, the samples were characterized by 10%
sodium dodecyl sulfate (SDS)−polyacrylamide gel, which was
stained with Coomassie brilliant blue following electrophoresis,
and imaged to visualize protein bands.
Detection of Drug Loading and Encapsulation

Efficiency. High-performance liquid chromatography
(HPLC; Shimadzu, Japan) was employed to quantify the
drug loading and encapsulation of DTIC and UA. The same
quantity of methanol was added into the NP solution, vortex
for demulsification, and then the mixture was centrifuged with
a high-speed refrigerated centrifuge (Thermo Fisher Scientific,
USA). After demulsification, DTIC and UA encapsulated in
the core were analyzed, respectively. The drug LC and
entrapment efficiency (EE) were calculated by the following
equation as follows

=

×

LC % (mass of drug in NPs)/(total mass of RNPs)

100% (1)

=

×

EE % (mass of drug in NPs)/(total mass of drug in feed)

100% (2)

In Vitro Stability and Drug Release Analysis. NPs and
RNPs were dissolved in PBS (pH 6.5) respectively and
incubated at 37 °C. Samples were taken daily for 2 weeks, and
the sizes of both particles were measured by DLS. RNPs were
encapsulated in dialysis bags and immersed in PBS (pH 6.5)
while shaking at 150 rpm for 48 h at 37 °C. The amount of
released DTIC and UA was measured by HPLC.
Co-Localization Analysis and Cellular Uptake Assay.

B16 cells (2 × 105 cells/dish) were seeded in confocal dishes
and incubated at 37 °C for 24 h, after which culture media
containing DiD-labeled RNPs was added, followed by
incubation for 4 h at 37 °C. After removing the culture
media, the plate was washed with PBS and the cells left were
fixed with 4% paraformaldehyde. After staining with 4′,6-
diamidino-2-phenylindole (DAPI), the cells were observed
using a confocal laser scanning microscope (CLSM; ZEISS
LSM710, German). RAW264.7 and B16 cells were cultured in
confocal dishes. The cells were then applied with C6-NPs and
C6-RNPs and incubated for 24 h. Then, DAPI was applied,

and the location of nuclei. All samples were observed by a
confocal microscope and detected by flow cytometry.
MTT Assay. B16 cells were inoculated into 96-well plates (5

× 103 cells/well). After 24 h, each well was treated with UA,
DTIC, NPs and RNPs and incubated for 24 and 48 h. Then,
cells were incubated with MTT working solution and added to
a dimethyl sulfoxide solution. The absorbance at 492 nm was
determined with a microplate reader and cell viability rates was
calculated. The assay was repeated under several conditions
where cells were administrated with UA with or without the
presence of Fer-1 and DFO.
Apoptosis Assay. A cytotoxicity assay kit was employed to

further explore the cytocidal effects of drugs. B16 cells were
inoculated in 12-well plates and were treated as mentioned
above. The supernatant was removed, and the culture plate was
washed with 1 × PBS. Subsequently, each well was applied
with 500 μL Calcein AM/PI working solution and incubated
for 30 min. The 12-well plates were observed under a
fluorescence microscope (Leica DM2500).
Cell Wound Healing Assay. B16 cells were inoculated

into 6-well plates overnight, and the bottom of 6-well plates
was subsequently scratched with a 200 μL pipet tip. Next, cells
were incubated with complete medium, UA, DTIC, UA +
DTIC, NPs, and RNPs separately for 24 and 48 h. Cell images
were subsequently captured under an inverted biological
microscope (Nanjing Jiangnan Yongxin Optical Co., Ltd.,
China) and the migration rate (MR) was calculated.
Colony Formation Assay. B16 cells were seeded in a six-

well plate at a density of 800 cells/well. When the cells are
adherent, they were subjected to the application of complete
medium, UA, DTIC, UA + DTIC, NPs, and RNPs separately,
and the incubation lasted for 24 h. After the procedure, the
drug-containing supernatant was discarded, replaced with fresh
medium, and incubated for 2 weeks. After 14 days, viable cells
growing into colonies were gently washed with prechilled PBS
and fixed with 4% paraformaldehyde. Next, samples were dyed
with 0.5% crystal violet for 15 min. Colony numbers were
calculated according to the photograph of each well and
prepared for further statistical analysis.
GSH Detection and Malondialdehyde Assay. Reduced

glutathione (GSH) and a GSSG Assay Kit (Beyotime) were
employed for the detection of GSH levels. All solutions were
prepared according to the guidance. The cells previously
treated with complete medium, UA, DTIC, UA + DTIC, NPs,
and RNPs were added with a protein removal reagent M
solution. Then we used liquid nitrogen and a 37 °C water bath
to freeze and thaw the sample twice. The solution was then
centrifuged, and the supernatant was mixed with 150 μL of
total glutathione detection working solution. The mixture was
incubated before 50 μL of 0.5 mg/mL NADPH solution was
added for the determination of A412 with a microplate reader
(Tannon, China). The content of GSH was then reckoned
according to the standard curve and absorbance value. Lipid
Peroxidation MDA Assay Kit (Beyotime) was employed for
the detection of MDA levels according to the manufacturer’s
instructions.
Detection of Intracellular ROS. A ROS assay kit (Boxbio,

Beijing) containing DCF was purchased to detect intracellular
ROS and evaluate the effect of different drugs. All the
procedures were completed according to the manufacturer’s
instructions.
Measurement of the MMP by JC-1. A MMP assay kit

(Biobox, Beijing) was utilized. B16 cells previously treated with
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complete medium, UA, DTIC, UA + DTIC, NPs, and RNPs
were immersed in 1 mL of cell culture medium and 1 mL of
JC-1 stain working solution. The final supernatant was
discarded, and cells were washed with diluted JC-1 Dyeing
Buffer (1×) 3 times before they were observed with a
fluorescence microscope.
Western Blot. B16 cells treated with complete medium,

UA, DTIC, UA + DTIC, NPs, and RNPs for 48 h were
collected and cracked with RIPA + PMSF (100:1/v/v). 30 μg
of the extracted whole protein was separated by SDS−PAGE
and subsequently transferred onto the polyvinylidene fluoride
(PVDF) membrane. After being blocked by 5% TBST of
nonfat milk, the PVDF membrane was then incubated with the
chosen primary antibody of ferroptosis marker protein at 4 °C.
The corresponding secondary antibody was combined after-
ward and then the membrane was treated with a
chemiluminescent horseradish peroxidase reagent. Finally, the
strips were imaged by a ChemiDoc imaging system (Tannon,
China).
In Vivo Evaluation of Antitumor Effect and Safety.

Melanoma B16 cells (mouse origin) in a logarithmic growth
period were selected, and tumor cells (1 × 107) in 100 μL of
medium were injected under the skin on both sides of the back
of female nude mice. When the bulges on the back of mice
were observed and grown to 90 mm3, they were randomly
divided into 6 groups of 5 mice per group. The drugs were
administrated on a daily basis. Meanwhile, body weight and
tumor volumes were measured and recorded. The exper-
imental end point was defined as either death or massive tumor
size (greater than 1000 mm3) and when that came, the lived
mice were euthanized properly. The tissue of the tumor, heart,
liver, spleen, lung, and kidney was collected and stored in 4%
paraformaldehyde overnight, which was stained with hema-
toxylin and eosin (HE) then.
In Vivo Pharmacokinetics. BALB/c mice were randomly

divided into three groups: (1) DTIC solution group (5 mg/
kg), (2) UA group (5 mg/kg), (3) NPs group (5 mg/kg DTIC
and UA), and (4) RNPs group (5 mg/kg DTIC and UA) (3
mice per group). Drugs were injected into the mice via the tail
vein (0.2 mL/min). At predetermined time points of 1, 4, 8,
and 24 h post injection, blood samples were collected into
heparinized polyethylene tubes from the periorbital vein and
centrifuged immediately at 6000 rpm for 10 min to obtain
plasma. The concentrations of DTIC and UA in the plasma
were assayed by HPLC.
IHC Analysis. The tissue slices were first treated with a

Tris−EDTA buffer solution. After that, samples were
incubated with the main antibody and Ki67. Visualization
and observation ensued, which were carried out under an
optical microscope. At last, the level of Ki67-positive cells was
determined.
Statistical Analysis. The results were processed and

displayed as means ± standard deviation. GraphPad Prism
8.0c software was employed for statistical analysis and ImageJ
software for semiquantitative analysis of fluorescence images
and gel bands. Student’s t-test (two tailed) was applied in the
data analysis, with a p-value less than 0.05 considered
statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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