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Abstract Triple-negative breast cancer (TNBC) remains a refractory subtype of breast cancer due to its
resistance to various therapeutic strategies. In this study, we introduce a “brake-release and accelerator-
pressing” approach to engineer a microneedle patch embedded with copper-doped Prussian blue nanopar-
ticles (Cu-PB) and the ferroptosis inducer sorafenib (SRF) for raised chemodynamic (CDT)/photothermal
(PTT) combination therapy against TNBC. Upon transdermal insertion, the dissolving microneedles
swiftly disintegrate and facilitate the release of SRF. Under gentle external light exposure, copper ions
(Cu2+) and iron ions (Fe’”) were liberated from Cu-PB. The direct chelation of Cu®>" and the indirect
suppression by SRF, collectively attenuate glutathione peroxidase 4 (GPX4) enzymatic function, desta-
bilizing the cellular redox equilibrium (referred to as the “brake-release” strategy). The release of Cu®
+ and Fe* " ions instigates a Fenton/Fenton-like reaction within tumor cells, further yielding hydroxyl
radicals and elevating reactive oxygen species (ROS) concentrations (referred to as the “accelerator-
pressing” strategy). This overwhelming ROS accumulation, coupled with the impaired clearance of resul-
tant lipid peroxides (LPO), ultimately triggers a robust ferroptosis cell death response. In summary, this
study presents an innovative combinatorial therapeutic strategy based on dual-ferroptosis induction for
TNBC, implying a promising therapeutic platform for developing ferroptosis-centered treatments for this
aggressive breast cancer subtype.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Triple-negative breast cancer (TNBC), defined by the lack of es-
trogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) expression, is
currently regarded as an aggressive and unmanageable subtype of
breast cancer'. Conventional treatments (surgical resection,
chemotherapy, and radiotherapy) are often hampered by stubborn
drug resistance, systemic toxicity, and suboptimal targeting
specificity®. Ferroptosis, an iron-dependent form of programmed
cell death distinct from apoptosis, necroptosis, and autophagy, is
marked by the accumulation of lipid peroxidation (LPO) in the
cell membrane and the reactive oxygen species (ROS), culmi-
nating in membrane rupture and cell death®”. Consequently, fer-
roptosis emerges as a promising therapeutic strategy for various
malignancies, given its independence from traditional molecular
targets and the heightened susceptibility of drug-resistant cancer
cells to this form of cell death®.

In the process of ferroptosis, glutathione peroxidase 4 (GPX4)
serves as a critical antioxidant enzyme essential for sustaining
redox equilibrium by eliminating intracellular peroxides, partic-
ularly lipid peroxides®'°. Glutathione (GSH) is fundamental in the
antioxidant defense system, reducing lipid peroxides and
impeding the accumulation of ROS, thereby preventing ferropto-
sis''. Consequently, the induction of ferroptosis has shown
promise in overcoming multidrug resistance in cancer'>. Certain
clinically approved pharmacological agents are pivotal in pro-
moting ferroptosis in tumor cells, including RSL3, Erastin, and
sorafenib (SRF)!*!>. SRF has been evidenced to inhibit the
cystine/glutamate antiporter (system Xc~ or xCT), a key element
in ferroptosis, which leads to GSH depletion and GPX4 inacti-
vation'®'”. Nevertheless, the regulatory mechanisms governing
ferroptosis are intricate, involving numerous signaling pathway
interactions. Some pathways associated with ferroptosis may not
be sufficiently activated by Sorafenib alone'S. Furthermore, sys-
temic administration can elicit severe adverse effects such as
diarrhea, rash, and alopecia'g. Therefore, it is imperative to

explore innovative strategies dedicated to synergistic therapeutic
regimens and precision delivery of ferroptosis-inducing agents’.

Recent advancements have indicated that iron-based nano-
particles can trigger ferroptosis through the “iron pool effect” and
Fenton reactions, establishing them as a promising class of fer-
roptosis inducers®'*2. Notably, Prussian blue (PB), an antidote
approved by the U.S. Food and Drug Administration (FDA) for
thallium and other radioactive element poisoning, has demon-
strated exceptional biosafety. The ferric (Fe*") and ferrous (Fe*")
ions within PB can be released under external stimuli such as mild
acidity and external light exposure, on account of the instability of
the Fe—C = N—Fe bond in acidic environments, positioning PB
as a viable candidate for clinical applications in ferroptosis®.
However, a large number of investigations have identified limi-
tations including insufficient GSH depletion, inadequate drug
delivery efficiency, and inflammatory responses triggered by
excessive conventional photothermal therapy, which hinders the
use of PB nanoparticles for ferroptosis treatment of tumors>*,
Moreover, it is reported that exogenous Cu>" directly binds to the
GPX4 protein, leading to its aggregation and subsequent auto-
phagic degradation, thereby compromising its ability to eliminate
excessive lipid peroxides, which accelerates the progression of
ferroptosis®’ %, Thus, combining copper/iron-based nanoparticles
with clinical ferroptosis inducers could reduce the side effects of
clinical drugs and effectively induce ferroptosis in tumor cells,
potentially enhancing the efficacy of TNBC therapy.

Herein, we propose a “brake-release and accelerator-press-
ing” strategy to engineer a dissolving hyaluronic acid micro-
needle patch based on cascade ferroptosis, for the precise
delivery of copper-doped Prussian blue nanoparticles (Cu-PB)
and SRF to TNBC tissues. This dual induction approach for
ferroptosis in tumor cells, facilitated by Cu-PB and SRF, is
potentiated by mild photothermal therapy (PTT, T < 42 °C),
which expedites the chemodynamic therapy (CDT) effect of Cu-
PB, thereby significantly enhancing the therapeutic efficacy
against TNBC. As depicted in Scheme 1, upon intradermal
insertion, the microneedle rapidly dissolves, initiating the
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Scheme 1

Preparation of PB, Cu-PB, and Cu-PB + SRF@MNs and its application in treating triple-negative breast cancers. (A) The prep-

aration of PB and Cu-PB nanoparticles. (B) The construction process of Cu-PB + SRF@MNs and treatment of mice. (C) Illustration of the tumor
treatment of dual-ferroptosis induction by SRF and Cu-PB under mild near-infrared (NIR) laser irradiation.

release of SRF and Cu-PB nanoparticles, which liberates sig-
nificant quantities of copper and iron ions within the tumor
tissue under mild NIR laser irradiation. Cu®" directly binds to
GPX4, and SRF inhibits the cystine/glutamate antiporter (sys-
tem Xc~ or XxCT), synergistically impeding GPX4 functionality.
This dual action induces ferroptosis in TNBC by “releasing the
brake” on the intracellular antioxidant defenses. To efficiently
induce ferroptosis, we also “press the accelerator” by ensuring
ample “horsepower”: Cu?" and Fe*" collaboratively act on
H,0, in TNBC, triggering a vigorous Fenton/Fenton-like reac-
tion that generates highly cytotoxic hydroxyl radicals, further
elevating ROS levels. Both aspects ultimately result in an
accumulation of ROS and a pronounced increase in LPO. The
“brake-release and accelerator-pressing” strategy robustly in-
duces ferroptosis in tumor cells, ultimately achieving effective
TNBC treatment. In conclusion, this work presents a promising
therapeutic strategy for TNBC, based on a highly synergistic
dual-ferroptosis induction paradigm.

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA, molecular weight 20—40 kDa), cupric
acetate monohydrate-(Cu(CH;COOH),-H,0), hydrochloric acid
(HC1), potassium ferricyanide (K3[Fe(CN)g]-3H,O, 99.9%, w/
w), ethanol and trisodium citrate dihydrate (NazCcHsO7-2H,0)
were procured from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Polyvinylpyrrolidone (PVP) and sorafenib
(SRF) were acquired from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). The Cell Counting Kit-
8 (CCK-8) was obtained from Dojindo (Laboratories, Japan).
The JC-1 staining kit and DCFH-DA were purchased from
Biotium Biotechnology Co., Ltd. (Shanghai, China). BODIPY

581/591 C11 was attained from the Molecular Probes Master
(Shanghai, China). Roswell Park Memorial Institute (RPMI)
1640 medium was acquired from Thermo Fisher Scientific, and
penicillin/streptomycin and fetal bovine serum (FBS) were
sourced from Invitrogen (MA, USA). Agar powder was bought
from Solarbio (Beijing, China). Phosphate-buffered saline (PBS,
pH = 6.5) was obtained from Gibco (Grand Island, USA). All
reagents were of analytical grade and did not need further
purification.

The crystallography of PB and Cu-PB was analyzed by X-ray
diffractometer (Haoyuan Instrument Co., Ltd., DX-2700BH,
Dandong, China). The size and potential of PB and Cu-PB were
measured using nano-particle size and Zeta potential analyzer
(Brookhaven Instruments, 90 Plus PALS, New York, NY, USA).
The Microstereo Ultra High Precision Light Curing 3D Printer
was used to print the microneedle patch (Boston Micro Fabrica-
tion, S130, Shenzhen, China). The preparation of microneedles
was characterized by scanning electron microscopy (Guoyi
Quantum Hefei Technology Co., Ltd., SEM3100, Hefei, China),
ultra-depth-of-field three-dimensional microscopy (Motic China
Group Co., Ltd., Easyzoom, Xiamen, China), and optical cameras.
A Coupled Plasma Mass Spectrometer was used for quantitative
analysis of the total copper and iron contents from different
samples and organs (Hangzhou Puyu Technology Development
Co., Ltd., EXPEC 6500, Hangzhou, China). Flow cytometric
analysis for cells was performed by multicolor analytical flow
cytometry (Beckman Coulter Co., Ltd., CytoFLEX, Shanghai,
China). CCK-8 and Kit detection analysis was performed using
the multifunctional microplate reader (Meigu Molecular In-
struments (Shanghai) Co., Ltd., SpectraMax iD3, Shanghai,
China). Cell staining and 3D microneedle scanning were per-
formed using the laser confocal microscopy imaging system
(Beijing Century Sunny Technology Co., Ltd., CSIM-130, Bei-
jing, China). Blood routine tests were performed on mice using an
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automated blood cell analyzer (Mindray Animal Care Co., Ltd.,
BC-5000VET, Shenzhen, China).

2.2.  Preparation of Prussian blue (PB) and copper-doped
Prussian blue nanoparticles (Cu-PB)

Preparation of PB: To prepare the PB solution, dissolve 1584 mg
of K;[Fe(CN)g]-3H,0 and 36 g of PVP in 360 mL of deionized
water. 300 mL of concentrated HCl was added to the solution,
which was then stirred for 1 h. The mixture was heated, washed,
and freeze-dried and the nanoparticles were stored at room
temperature.

Preparation of Cu-PB: PB (20 mg) was dissolved in 8 mL of
water containing NazCgHsO;-2H,O (27 mg), followed by the
addition of PVP, which was sonicated until fully dissolved. Cu
(CH3COOH),-H,0 (8.8 mg) was then added and stirred at room
temperature for 24 h, after which the mixture was washed with
deionized water and anhydrous ethanol, freeze-dried and stored.

2.3.  Preparation of MN patches

A mixture of 28 mg Cu-PB, 7 mg SRF, and 100 mg HA (mo-
lecular weight 2 x 10°-4 x 10%) was dissolved in 2 mL DI water
and stirred overnight. The solution was injected into a 3D-printed
microneedle mold and vacuum-treated for three cycles until the
micropores were filled. The mold was then dried overnight at
40 °C to obtain Cu-PB + SRF@MNs'”.

2.4.  Characterization of copper-doped prussian blue
nanoparticles (Cu-PB)

The surface morphology and optical properties of the materials
were analyzed using TEM, SEM, XRD, and XPS. The release of
metal ions from the nanoparticles was quantified using ICP-MS.

2.5.  Characterization of MN patches

The morphology of the microneedle patches was examined using
SEM and super-depth microscopy for layer-by-layer scanning. 3D
internal imaging was performed with laser CSIM. Mechanical
properties were assessed using an electronic universal testing
machine. The microneedles were placed on a steel plate, and a
probe detector was moved vertically at 0.5 mm/min with a
maximum load of 50 N. Force-displacement curves were recorded
at the point of fracture of the tip or substrate.

2.6.  Evaluation of catalytic activity of Cu-PB in vitro

The catalytic activity of Cu-PB in the presence of H,O, was
evaluated using TMB, OPD, and DTNB, with absorbance
measured by UV—Visible spectrophotometry.

2.7.  Cytotoxicity measurements

The cytotoxicity of Cu-PB on L929, HUVECs and 4T1 cells was
evaluated using the CCK-8 assay, where 4T1 cells (1 x 10* cells/
well) were treated with different concentrations of Cu-PB (0, 6.25,
12.5, 25, 50, 75, 100, 125, 150 and 200 pg/mL) for 4 h, irradiated
with an 808 nm laser and incubated for 20 h, followed by the
addition of CCK-8 reagent and measurement of absorbance at
450 nm to determine cell viability.

2.8.  Detection of intracellular ROS production

4T1 cells were cultured for 20 h in confocal petri dishes at a
density of 1 x 10° cells per dish until the fusion degree
reached about 60%. During the final 4 h, cells were treated
with nanoparticles. The experimental group was subjected to
irradiation with an 808 nm laser. Following irradiation, DCFH-
DA was added for 30 min. After two washes with buffer,
images were captured using CLSM to assess the levels of
ROS.

2.9.  Cell viability test

4TI cells (1 x 10° cells/dish) were seeded in confocal dishes and
incubated for 24 h to reach approximately 80% confluence. After
12 h of nanoparticle exposure, the cells were stained with Calcein-
AM (50 pL, 0.02 mol/L) and PI (50 pL, 0.02 mol/L) and observed
using CLSM.

2.10.  Detection of cellular ferroptosis

Overnight, 4T1 cells were cultured in confocal dishes at
1 x 10° cells/dishes, resulting in about 60% fusion. The cells were
then treated with nanoparticles for 4 h. Following treatment, the
cells were incubated in the dark with BODIPY 581/591 Cl11
(20 pL, 0.02 mol/L) in a cell culture incubator. This dye binds to
lipids and exhibits green fluorescence (A 500 nm,
Aem = 510 nm). After 30 min of incubation, the cells were imaged
using CLSM to evaluate the potential for cellular ferroptosis.

2.11.  Animal therapy experiments

All experimental procedures were executed according to the
protocols approved by the Anhui Medical University Animal Care
and Use Committee. Once tumors reached a volume of
50—80 mm>, mice bearing orthotopic breast cancer were
randomly assigned to eight groups (n=35). Treatment was
administered by applying microneedles to the tumor for 5 min. For
groups requiring light irradiation, mice were anesthetized and
irradiated with an NIR laser (1 W/cm?, 5 min). Tumor site tem-
perature was monitored using an IR thermal imager (7' < 42 °C)
and tumor volume (V = [ x w?2) and body weight were
measured to assess tumor growth. Small animal imaging was
conducted using D-fluorescein sodium at 5-day intervals for 25
days. Mice were euthanized when tumor volume reached
1300—1500 mm’.

2.12.  Animal therapeutic slice experiments

Female BALB/c mice were implanted with tumors and randomly
assigned to eight groups (n=>5). Treatment was administered via
microneedles targeting the tumor for 5 min. Mice requiring light
irradiation were anesthetized and treated with NIR laser (1 W/
cmz, 5 min), then euthanized on Day 15 for tumor tissue removal
and H&E, TUNEL, Ki67, GPX4, and DHE staining, along with
histological analysis of major organs.

2.13.  Statistical analysis
The data were considered statistically significant based on one-

way ANOVA analysis. Representative experimental results are
expressed as the mean + standard deviation (SD). The threshold
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Figure 1  Preparation, characterization, and performance testing of PB and Cu-PB. (A) The preparation procedure of PB and Cu-PB. (B, C)
SEM images of PB (B), Cu-PB (C). Scale bar = 200 nm. (D, E) TEM images of PB (D), Cu-PB (E). Scale bar = 100 nm. (F) Dark-field and the
merged image of Cu-PB and elemental maps of Cu, Fe. Scale bar = 50 nm. (G) XRD plots of Cu-PB. (H—J) XPS analysis of Cu-PB. (K) The
particle size of PB, Cu-PB. (L) Changes in zeta potentials of PB and Cu-PB. (M, N) Accumulation of degraded Cu-ions and Fe-ions from Cu-PB
immersed in PBS at different temperatures. (O) UV—Vis—NIR spectra of Cu-PB.
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for statistical significance was set at *P < 0.05, with specific
significance levels indicated as follows: **P < 0.01;
*¥*%EP < 0.001; ***%P < 0.0001.

3. Results and discussion
3.1.  Synthesis and characterization of PB and Cu-PB

PB and Cu-PB were synthesized as depicted in Fig. 1A%
Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) analyses revealed that the synthesized PB
and Cu-PB possessed relatively homogeneous sizes and were
monodisperse (Fig. 1B-E). To verify the successful incorpo-
ration of Cu ions into PB via ion exchange, elemental mapping
was employed (Fig. 1F). The results confirmed the homoge-
neous incorporation of Cu ions into PB, forming a “core—shell
structure”. The Cu to Fe mass fraction in Cu-PB was deter-
mined to be 64.2% by inductively coupled plasma optical
emission spectrometry (ICP-OES, Supporting Information
Table S1). As illustrated in Fig. 1G, no discernible novel
characteristic peaks were identified in Cu-PB, indicating that Cu
ions doping did not alter the inherent PB phase (JCPDS
01—-0239). X-ray photoelectron spectroscopy (XPS) analysis
further confirmed the chemical composition of Cu-PB, identi-
fying the presence of C, O, N, Cu, and Fe (Fig. 1H and I). The
survey spectrum revealed the presence of Cu?" sharp charac-
teristic satellites at 944, 955, and 962.5 eV, corroborating the
successful synthesis of Cu-PB and the oxidation state of the
doped Cu ions as Cu®*" (Fig. 1J). Fig. 1K illustrates that the
average hydrated particle size of PB and Cu-PB was 248 + 0.8
and 256 £ 0.8 nm, respectively. Zeta potential measurements
showed a shift in surface charge from —15 to —38 mV upon
Cu*" incorporation into PB (Fig. 1L). As previously reported in
the literature, mild NIR laser irradiation promoted the rapid
dissociation of Cu—C = N—Fe bonds, facilitating the release of
Fe and Cu ions from Cu—PB?’. As shown in Fig. IM and N, a
significant increase in the detection of copper and iron ions was
observed using ICP-MS at elevated temperatures over various
time intervals in PBS buffer. Under light exposure, Cu and Fe
ion release reached 82% and 81% at 72 h, respectively, which
was substantially higher than without light exposure, indicating
a rapid release upon irradiation. The UV—Vis—NIR spectra
revealed that Cu-PB exhibited minimal change in the peak
compared to PB at 808 nm (Supporting Information Fig. S1)
and the absorption peaks in the NIR window increased with
higher Cu-PB concentrations (Fig. 10), manifesting the enor-
mous potential of Cu-PB as a mild photothermal reagent.

3.2.  Preparation and characterization of MN

Fig. 2A illustrates the principal fabrication process of Cu-
PB + SRF@MNs'>33. A composite solution of HA, Cu—PB, and
SRF was introduced into the microneedle mold, subjected to
vacuum treatment thrice to eliminate air bubbles, sealed with a
PVP aqueous solution, and subsequently dried to yield the Cu-
PB + SRF@MNs. The resultant Cu-PB + SRF@MNs patch array
consists of 12 x 12 needles, with a height of 1000 pm and a width
of 200 pum at the base, manifesting uniformly sharp, neatly aligned
tips and a complete pyramidal shape as confirmed by the optical
camera, SEM images and ultra-depth microscope images
(Fig. 2B—E). Nile Red dye served as a model drug, integrated into

the microneedles, and 3D fluorescence images were obtained by
layer-by-layer scanning using confocal laser scanning microscopy
(CLSM), demonstrating homogeneous drug distribution at the
microneedle tips (Fig. 2F and G). The mechanical properties of
Cu-PB + SRF@MNs and HA@MNs were evaluated using a
universal testing machine to assess their skin penetration capa-
bilities, with the result that Cu-PB 4+ SRF@MNs suggested
flexibility without fracturing under compression, as reflected in
Supporting Information Fig. S2.

Subsequently, methylene blue (MB)-filled Cu-
PB + SRF@MNs were fabricated to assess their skin penetra-
tion, dissolution behavior, and adhesion to the skin surface.
Fig. 2H and I illustrate that the microneedle patch exhibited
robust adhesion to the skin in both vertical and inverse orien-
tations, with the microneedles dissolving completely within
10 min, revealing excellent dissolvability. The force-
displacement analysis revealed that the insertion force for
HA@MNs was approximately 10 £ 0.5 N at a 300 pm
displacement, whereas Cu-PB + SRF@MNs exhibited a
significantly increased insertion force of 24 £+ 0.5 N under the
same displacement (Fig. 2J), indicating enhanced mechanical
strength due to the Cu-PB and SRF blend>'. Post removal of the
Cu-PB 4 SRF@MN patch, a well-ordered array of micropores
was observed on the mouse skin, which healed within 60 min,
and the mice displayed normal behavior within 24 h, signifying
favorable biocompatibility for Cu-PB 4 SRF@MN patches
(Fig. 2K). The punctured mouse skin was then incised and
stained with hematoxylin and eosin (H&E) to visualize the
pinholes under an optical microscope (Fig. 2L), where the pin-
holes were distinctly observable. The MB-containing micro-
needles were embedded in agarose to evaluate the SRF release
capabilities, with the samples divided into two groups: one
exposed to a NIR laser (808 nm) for 5 min and the other
maintained at room temperature for 60 min (Supporting
Information Figs. S3 and S4). Notably, the laser-irradiated
group illustrated a substantial increase in methylene blue
release, demonstrating enhanced drug penetration and diffusion.
These results corroborate the hypothesis that the microneedle
patch can achieve thermally enhanced drug release.

3.3.  Photothermal and catalytic properties in vitro

The thermal properties of the Cu-PB solution (100 pg/mL) esca-
lated in correlation with an increase in laser power density,
reaching 45 4 1 °C after 5-min 808 nm laser exposure at 1 W/cm?
power density (Fig. 3A). The temperature variations of Cu-PB
solutions at varying concentrations were assessed under the
same laser power conditions (Fig. 3B). Under similar irradiation,
DI water experienced a temperature increase of 4.6 £ 0.5 °C. With
an escalation in solution concentration, the Cu-PB solution’s
temperature demonstrated a significant rise, with higher concen-
trations correlating to a more pronounced thermal increase. Sub-
sequent NIR irradiation (1 W/cm?, 8 min) over five cycles on Cu-
PB samples revealed sustained peak temperatures, indicative of
superior photothermal stability (Fig. 3C). Infrared (IR) thermal
imaging validated the photothermal conversion capabilities of Cu-
PB (Supporting Information Fig. S5), with a notable photothermal
conversion efficiency (1) reaching 34% at 808 nm (Fig. 3D).
Based on the inherent photothermal advantages, Cu-PB nano-
particles were incorporated in Cu-PB + SRF@MNs, endowing
them with superior photothermal performance and stability
compared to HA@MNs (Supporting Information Fig. S6 and
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Figure 2

Preparation and characterization of Cu-PB + SRF@MNs. (A) Flow chart of the synthesis and preparation of Cu-PB + SRF@MNs.

(B) Optical photograph. Scale bar = 5 mm, (C, D) depth-of-field microscope images (scale bar = 1 mm and scale bar = 200 pm), and (E) SEM
images of Cu-PB + SRF@MNs. Scale bar = 100 um. (F, G) 3D fluorescence images of MN. Scale bar = 500 um. (H) Dissolution experiment of
Cu-PB@MNEs. Scale bar = 200 um. (I) Pigskin pressing experiments of Cu-PB @MNs. (J) Mechanical strength of MNs. (K) Mouse skin puncture
test of Cu-PB + SRF@MNs. (L) H&E picture of Cu-PB + SRF@MNs puncture. Scale bar = 200 pum.

Fig. 3E). The reactive oxygen species (ROS) generation ability of
Cu-PB was assessed through chemical probes, including
3,3,5,5 -tetramethylbenzidine (TMB) and o-phenylenediamine
(OPD). Similar to the literature, an increase in ROS production
coinciding with higher Cu-PB concentrations was ascribed to the
swift cleavage of Cu—C = N—Fe bonds during mild NIR laser
irradiation, promoting the release of Fe** and Cu®", thereby

augmenting ROS generation (Fig. 3F-D*2 A quantitative analysis
of the UV absorption curves at varying drug mass concentrations
affirmed SRF release from Cu-PB + SRF@MNs, depicting a
robust linear association between drug concentration and absor-
bance (Supporting Information Fig. S7). Consistent with the pre-
ceding approach, drug release experiments were conducted
utilizing the fabricated Cu-PB + SRF@MNs, with drug release
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Figure 3

Photothermal and catalytic performances in vitro. Temperature variation curves of Cu-PB solution under 808 nm NIR laser irradiation

(A) at varying power densities and (B) concentrations. (C) Temperature curves of heating and cooling cycles of Cu-PB solution under 808 nm
laser irradiation. (D) Photothermal conversion efficiency () and thermal conversion constant (7) of Cu-PB. (E) Temperature curves of heating and
cooling cycles of Cu-PB + SRF@MNs under 808 nm laser irradiation. (F—I) Changes in the absorbance of TMB and OPD upon adding H,O, to
Cu-PB at different concentrations and under various conditions. (J) Release curves of SRF. (K, L) In vitro, depletion of reduced GSH by PB and

Cu-PB at varying concentrations was quantified using DTNB absorbance.

monitored and quantified at various intervals, as depicted in
Fig. 3J. It is worth noting that Cu-PB exhibited significant GSH
depletion properties, outperforming PB under weakly acidic
conditions (Fig. 3K and L). The findings underscored the excep-
tional photothermal conversion ability and catalytic activity of Cu-
PB in vitro.

3.4.  Cellular uptake and cytotoxicity activities of Cu-PB

The cellular uptake and cytotoxicity profiles of Cu-PB were
comprehensively evaluated in vitro. The intracellular red fluo-
rescence from Nile Red-labeled Cu-PB was monitored at various
time intervals using CLSM images (Fig. 4A), while bio-
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Figure 4  In vitro evaluation of the therapeutic effect of Cu-PB. (A) CLSM images of 4T1 cells co-cultured with Cu-PB. Scale bar = 20 um.
(B) Bio-TEM image of 4T1 cells incubated with Cu-PB for 24 h. Scale bar = 2 pum and scale bar = 1 pm. (C) Relative cell viability of
L1929 cells, HUVEC cells, and 3T3 cells after 24 h incubation with Cu-PB. (D) Relative cell viability of HUVEC cells after 24 h incubation with
SRE. (E, F) The effect of varying concentrations of Cu-PB and SRF on the viability of 4T1 cells was investigated. (G) The cell viability of 4T1
cells treated with Cu-PB and SRF under different conditions. (H, I) Analysis of proliferation in each group after incubation with 4T1 cells and

quantitative. Scale bar = 200 um. Data are presented as mean £+ SD (n = 3). ****P < 0.0001.

electronic microscopy (Bio-TEM) images (Fig. 4B) revealed its
internalization into cytoplasmic vesicles post co-incubation with
4T1 cells, thereby confirming the effective uptake of Cu-PB by
these cells. The biocompatibility of Cu-PB was assessed using
the Cell Counting Kit-8 (CCK-8) assay with results indicating
that survival rates of L929, HUVEC and 3T3 cells remained
above 80% at Cu-PB concentrations up to 200 pg/mL, suggest-
ing favorable biocompatibility of Cu-PB, while the safe con-
centration range for SRF in normal cells was established to be
0—12.5 pg/mL (Fig. 4C and D). At the same time, the cytotox-
icity of Cu-PB at varying concentrations (both before and after
light exposure) to normal cells was also evaluated (Supporting
Information Fig. S8). The findings implied that different con-
centrations of Cu-PB, regardless of light exposure, did not lead

to cell death under standard physiological conditions. Sequential
viability assessments of 4T1 cells treated with Cu-PB, SRF, and
Cu-PB + SRF (—/+), revealed that cell mortality increased with
higher concentrations of both agents after 12 h of co-culturing
(Fig. 4E and F). Notably, the cell-killing efficiency reached up
to 97% due to the synergistic effect of Cu-PB and SRF, espe-
cially under mild NIR laser irradiation (Fig. 4G). Building upon
previous ion release studies, we examined the impact of ions
(Cu®" and Fe*™") released from Cu-PB on cytotoxicity toward
normal cell lines, showing that the equivalent concentrations of
Cu®" and Fe** ions had minimal toxicity to normal cells
(Supporting Information Figs. S9 and S10). Additionally, cell
scratch and colony formation assays indicated superior inhibitory
effects in the Cu-PB + SRF (+) group compared to other groups
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Figure 5  In vitro therapy effect of Cu-PB. (A) CLSM images of 4T1 cells to detect the ROS level and the mitochondrial membrane potential
damage. Scale bar = 20 um and scale bar = 50 um. (B) BODIPY581/591-C11 staining CLSM images of 4T1 cells to detect lipid peroxidation.
Scale bar = 20 um. (C) Cytotoxicity profiles of 4T1 cells treated with different groups by Calcein-AM/PI double staining. Scale bar = 50 pm.
(D) CLSM images of 4T1 cells for GSH levels. Scale bar = 50 um. (E, F) Flow cytometric analysis of 4T1 cells subjected to different groups.

Data are presented as mean £ SD (n = 3). ¥****P < 0.0001.
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(Fig. 4H and I, Supporting Information Fig. S11). These results
highlighted that Cu-PB could be effectively internalized by
tumor cells and, in conjunction with SRF, could exert potent
cytotoxic effects in vivo under mild laser irradiation.

3.5. Intracellular catalytic activity and induction of ferroptosis
of Cu-PB

To evaluate the efficacy of Cu-PB in generating ROS, intracellular
ROS levels were assessed using the 2',7’-dichloro-fluorescein
diacetate (DCFH-DA). As illustrated in Fig. 5A (top), the Cu-
PB + SRF group showed significantly enhanced green fluores-
cence, particularly under mild NIR laser irradiation, indicating
augmented ROS generation due to the thermal effect (Supporting
Information Fig. S12). Mitochondrial impairment was assessed
via 5,5',6,6'-tetrachloro-1,1’,3,3'-tetracthylbenzimidazolyl
carbonyl anthocyanin iodide (JC-1) staining. Fig. 5A (bottom)
showed intense red fluorescence in the control and control (4)
groups, whereas the Cu-PB + SRF (4) group exhibited prominent
green fluorescence, suggesting substantial oxidative stress and
consequent mitochondrial damage induced by the Cu-PB, SRF,
and mild NIR laser combination. Elevated intracellular ROS levels
are predictive of increased LPO, with the ferroptosis cell death
process relying on the intracellular accumulation of LPO. Fig. 5B
illustrates that CLSM using BODIPY 581/591 C11 (green fluo-
rescence) detected a pronounced accumulation of green fluores-
cence in 4T1 cell membranes treated with Cu-PB + SRF (4)
under 808 nm laser irradiation, confirming effective ferroptosis
induction by lipid peroxidation in tumor cells (Supporting
Information Fig. S13). These results could be attributed to
Fenton/Fenton-like reactions involving Fe*™ and Cu?" ions indi-
rectly enhancing lipid peroxidation by generating ROS, such as
-OH. To further explore the synergistic cytotoxic effects of Cu-
PB + SRF (+), a live/dead assay was conducted on 4T1 cells
using Calcein-AM and PI staining. The control and control (+)
groups predominantly exhibited green fluorescence, indicating
minimal cell death, whereas the Cu-PB + SRF (4) group dis-
played strong red fluorescence, denoting a higher extent of cell
death (Fig. 5C). Subsequent to in vitro DTNB assay results,
evaluation of intracellular GSH depletion across different treat-
ment groups, showed the most notable reduction in green fluo-
rescence intensity, showing efficient GSH depletion by Cu-PB and
SRF (Fig. 5D and Supporting Information Fig. S14). The
fluorescence-based quantitative assessment detailed above effec-
tively quantified the production of ROS, lipid peroxidation, and
GSH depletion associated with ferroptosis. These findings
demonstrated that ROS levels in the Cu-PB + SRF (+) group
were markedly elevated in comparison to the PB and SRF groups.
Regarding lipid peroxidation, both Cu-PB and SRF conditions
displayed dominant lipid peroxidation under mild illumination,
which was statistically distinct from the control group. Further-
more, as predicted, the Cu-PB + SRF (+) group exhibited the
most pronounced GSH depletion, which was also remarkably
different from the control group. Additionally, flow cytometry
assessed 4T1 cell viability in each group, revealing that the Cu-
PB + SRF (+) group experienced a substantial mortality increase
(63.6%), significantly surpassing the mortality induced by Cu-PB
alone (38.5%) (Fig. SE and F). In summary, the concerted effects
of Cu-PB and SRF facilitated effective ROS and LPO production,
GSH depletion, and tumor cell death induction with high
efficiency.

3.6. Invivo TNBC treatment via Cu-PB + SRF@MNs

Inspired by the in vitro anti-tumor efficacy of Cu-PB + SRF (+),
we proceeded to evaluate its anti-tumor potency using in situ 4T1
tumor-bearing murine models in vivo. To establish a TNBC
model, 5 x 10° 4T1 cells were inoculated into the right fourth
mammary gland of mice (Fig. 6A). Upon tumor volumes reaching
50—80 mm?>, mice were randomly assigned to eight treatment
groups, as follows: Control, Control (4), PB + SRF@MNs, Cu-
PB@MNss, Cu-PB@MNs (+), SRF@MNg, Cu-
PB + SRF@MNs and Cu-PB + SRF@MNs (+). For the groups
receiving MN patches, each patch was gently pressed onto the
tumor site for 5 min, while mice in the light-activated treatment
group were irradiated with NIR laser at 1 W/cm? for 5 min after
anesthesia, ensuring consistent treatment duration. Concomitantly,
an IR thermal imager monitored the tumor site to maintain the
temperature below 42 °C (T < 42 °C) (Fig. 6B and Supporting
Information Fig. S15). Tumor progression was evaluated
through manual measurements and imaging throughout the treat-
ment period, with analysis revealing that tumors in the Cu-
PB + SRF@MNs (+) group exhibited the slowest growth,
whereas tumor growth in the remaining treatment groups was
variably suppressed (Fig. 6C and D). The body weight in all
groups showcased no prominent fluctuations throughout the
treatment period (Fig. 6E). This could be attributed to the syner-
gistic enhancement of ferroptosis in tumor cells induced by Cu-
PB + SRF@MNs (+) via CDT and SREF, facilitated by mild laser
irradiation and hyperthermia within the tumor microenvironment.
For the biosafety evaluation, a histomorphological examination of
the heart, liver, spleen, lung, and kidney in the final treatment
group (Cu-PB + SRF@MNs (+4)) revealed no noticeable abnor-
malities (Supporting Information Fig. S16). Furthermore, the Cu-
PB + SRF@MNs (4) group exhibited a markedly prolonged
survival time compared to other groups (Supporting Information
Fig. S17). Routine blood tests and blood biochemistry analyses
revealed no significant changes in mice treated with Cu-
PB + SRF@MNs (4) (Supporting Information Figs. S18 and
S19). Thus, Cu-PB + SRF@MNs (+4) demonstrated exceptional
biosafety.

Tumor tissue sections were stained for Ki-67, terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL), and
H&E to assess changes and cell proliferation in the Cu-
PB + SRF@MNs (+) group. H&E staining revealed pronounced
vacuolization and characteristic cell death in the Cu-
PB + SRF@MNs (+) cohort (Fig. 6F). Besides, the Ki-67 and
TUNEL assays demonstrated the lowest percentage of Ki-67
positive cells and a higher percentage of TUNEL positive cells
compared to other groups, attributed to the co-inductive effect of
ferroptosis by Cu-PB and SRF. To elucidate the molecular
mechanism underlying the tumor-suppressive effects of Cu-
PB + SRF@MNs (+), we evaluated GPX4 expression levels in
tumor tissues. The Cu-PB + SRF@MNs (+) treated group
exhibited the weakest GPX4 fluorescence intensity compared to
other groups, indicating a superior capability of Cu-
PB + SRF@MNs (+) to mitigate cellular lipid peroxidation in the
4T1 tumor-bearing mouse model. Overall, the Cu-
PB + SRF@MNs (4) group employed the desired “brake release”
strategy, achieving optimal therapeutic outcomes in vivo. This
could be attributed to the cascade action of SRF and Cu ions
released from Cu-PB, which enhanced tumor cell sensitivity to
ferroptosis by depleting GPX4.
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Figure 6  In vivo therapeutic efficacy of Cu-PB + SRF in 4T1 orthotopic tumor-bearing mice. (A) Establishment of 4T1 orthotopic tumor mice
model and Cu-PB + SRF treatment diagram. (B) IR imaging of mice following exposure to NIR light (808 nm 1 Wiem?, 5 min). (C) Repre-
sentative bioluminescence images of 4T1 tumor-bearing mice post various treatments (D) Average tumor growth curves post different treatments.
(E) Weight fluctuations across distinct mouse groups. (F) H&E, Ki67, TUNEL, and GPX4 staining of tumor slices in different interventions. Scale
bar = 50 pm. Data are presented as mean + SD (n = 3). **P < 0.01, ***P < 0.001.
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Figure 7  Transcriptome sequencing in tumor tissues. (A) Heat map analysis of DEGs. (B) Volcano plot of DEGs (C) GO enrichment of DEGs.
(D, E) KEGG enrichment of DEGs. (F, G) Selected GSEA for tumor tissue ferroptosis. (H) Western blot detection of GPX4 protein expression in
tumor tissues under different conditions. (I) LPO levels were detected in tumor tissues after different treatments. (J) CLSM images of ROS levels
in tumor tissues detected by DHE in different groups. Scale bar = 50 pm. Data are presented as mean &+ SD (n = 3). ****P < (0.0001.
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3.7.  Transcriptome sequencing changes of tumor tissue

In order to elucidate the in vivo anti-tumor mechanism of Cu-
PB + SRF@MNs (+), transcriptome sequencing was employed to
analyze the differential mRNA expression between the Cu-
PB + SRF@MNs (+) and control groups. As depicted in the
volcano plot in Fig. 7A, a substantial disparity in gene interplay
was discerned with 91 genes manifesting increased activity and
236 genes displaying decreased activity (Fig. 7B). An evaluation
employing bioinformatics was executed through the use of Gene
Ontology (GO) and KEGG analyses, identifying the enrichment of
specific gene sets in biological processes, cellular components,
molecular functions, and relevant metabolic or signaling path-
ways, with conspicuous pathways exhibiting significant differ-
ences highlighted in Fig. 7C and D. KEGG pathway analysis
unveiled several pathways, including Apelin, PI3K—Akt, PPAR
and circadian rhythm, which were markedly correlated with the
ferroptosis induced by Cu-PB + SRF@MNs (+) (Fig. 7E).

Furthermore, GSEA examination recognized distinct modifi-
cations in gene expression across an array of biological conditions
in the Cu-PB + SRF@MNs (+) groups. The outcomes were
disclosed in Fig. 7F and G and in Supporting Information
Fig. S20, including ROS, glutathione metabolism, and lipid per-
oxidation signaling pathways associated with ferroptosis. It has
been documented that a reduction in GPX4 activity could provoke
cellular death via the impairment of oxidative stress. To further
validate this, Western blotting analysis of GPX4 protein expres-
sion at tumor sites in mice from different treatment groups
revealed that SRF alone or the PB 4 SRF combination had a slight
effect while Cu-PB + SRF treatment markedly suppressed GPX4
expression under mild laser exposure (Fig. 7H). To evaluate the
levels of deleterious ROS and LPO, an indicator of ferroptosis,
DHE immunofluorescence staining and LPO kit assay were con-
ducted on tumor tissues, demonstrating that administration of Cu-
PB + SRF@MNs significantly elevated ROS generation and LPO
concentration (Fig. 71 and J). These findings collectively sub-
stantiate the ’accelerator-pressing’ strategy, likely due to the
synergistic augmentation of ROS levels by Cu®" and Fe*" liber-
ated from Cu-PB via an intensified Fenton/Fenton-like reaction
under mild photothermal conditions, clarifying the underlying
mechanism for the superior therapeutic efficacy of Cu-
PB + SRF@MNs (+) group in vivo.

4. Conclusions

In conclusion, this research presents an innovative ’brake-release
and accelerator-pressing’ strategy by engineering a dissolving
hyaluronic acid microneedle patch loaded with Cu-PB and SRF
for highly effective TNBC treatment through dual-ferroptosis in-
duction. With the integration of Cu ions, Cu-PB exhibited not only
superior photothermal conversion efficiency and ROS catalytic
activity but also an enhanced capacity for GSH depletion. The
incorporation of Cu-PB and SRF into the microneedles signifi-
cantly augmented their mechanical robustness, thereby improving
skin penetration. Furthermore, the superior solubility from Cu-
PB + SRF@MNs ensures complete dissolution under mild pho-
tothermal conditions, facilitating the precise and targeted delivery
of Cu-PB and SRF to the tumor site. The presence of Cu-PB and
SRF disrupted intracellular antioxidant mechanisms, augmenting
tumor cell sensitivity to ferroptosis by binding Cu*" to GPX4 and
inhibiting the cystine/glutamate antiporter, while also amplifying
the production of cytotoxic hydroxyl radicals via an intense

Fenton/Fenton-like reaction, thereby elevating ROS and LPO
levels both in vitro and in vivo. These outcomes suggest that this
strategy effectively induces ferroptosis in tumor cells, highlighting
the substantial potential of this dual-ferroptosis induction micro-
needle patch for the treatment of drug-resistant TNBC.
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