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enhanced tumor ablation
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Abstract

Tumors increasingly threaten human health, with rising incidence and mortality rates. Treatment complexity, including individual dif-
ferences and tumor molecular characteristics, limits clinical application potential. Ferroptosis, a new strategy for tumor treatment,
has stirred much interest. However, the dense properties and unique physiological environment of tumor tissues limit the ability
of ferroptosis agents to work inside tumors. In this study, intelligent temperature and pH dual-responsive nanocapsules were
designed for tumor therapy. The nanocapsules leverage the unique physiological environment of tumors, where both acidity and
temperature can be exploited to trigger drug release. The core materials of the nanocapsules are a polylactic acid-glycolic acid
copolymer and poly(N-isopropy! acrylamide), which ensure biocompatibility and responsiveness to the tumor microenvironment.
These nanocapsules encapsulate amorphous iron nanoparticles as ferroptosis agents and tirapazamine as a chemotherapeutic
drug, enabling a combination therapy approach. Once introduced into the tumor, the nanocapsules change size in response to
the local acidic and thermal conditions, releasing their payload. This targeted approach enhances drug delivery efficiency, reduces
toxicity to surrounding healthy tissues, and promotes ferroptosis in tumor cells. The study demonstrated the nanocapsules’ ability
to inhibit tumor growth both in vitro and in vivo while maintaining excellent biocompatibility and biosafety, making it a promising

candidate for advanced cancer therapies.
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1. Introduction

Recently, tumors, as a chronic disease, have gradually threat-
ened the health of human beings, and their prevalence and mor-
tality rates have shown a trend of increasing annually. Multiple
factors such as lifestyle, hereditary factors, and environmental
exposures are responsible for the high morbidity and mortali-
ty of tumor diseases.!!! Despite improvements in early screening
and prevention, morbidity and mortality from tumor patients
continue to rise yearly, not only underscoring the high risk of
oncologic disease but also triggering an urgent demand for more
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effective treatment means. Currently, the primary treatments for
patients with tumors include surgical resection, radiation ther-
apy, chemotherapy, endocrine therapy, immunotherapy, etc.*!
Although these treatments have improved the survival rate of
tumor patients to a certain extent, some still face unanticipated
problems in practical application, such as the emergence of drug
resistance from long-term drug therapy, the absence of targets
of tumor cells, and the side effects caused by drug therapy./*”!
These less common but notable challenges urgently require new
solutions to advance treatment outcomes.

In recent years, ferroptosis has been recognized as an influen-
tial strategy for tumor therapy.!®! Ferroptosis, as a unique form
of regulated cell death, was first proposed by Dixon et al”! and
characterized by excessive accumulation of intracellular reactive
oxygen species (ROS) and lipid peroxidation (LPO)."! The cell
death mechanism is regulated by a variety of signals, including
ROS, glutathione peroxidase (GPX4), and heat shock proteins.
The core mechanism is that excess iron and intracellular hydro-
gen peroxide (H,0,) promote the Fenton reaction (Fe** + H,O,
— Fe** + OH- + -:OH), increasing the levels of LPO and hydroxyl
radicals (-+OH)."12 Tts intrinsic pharmacological features are ca-
pable of modulating the proliferation of tumor cells. However,
the dense properties and unique physiological environment of tu-
mor tissues ferroptosis limit the penetration and effectiveness of
ferroptosis-inducing agents. Fortunately, nano-delivery systems
make it possible for ferroptosis-mediated tumor therapy. Due to
the unique physicochemical properties of nanocomposite, it is
not only able to introduce new properties such as photothermal
properties and magnetic properties but also to effectively deliver
ferroptosis agents to the deeper regions of the tumor.'3!4
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In this study, we engineered novel multifunctional nanocap-
sules that respond to changes in temperature and pH, allowing
for controlled drug release. It comprises polylactic acid-glycolic
acid copolymer (PLGA) and poly(N-isopropyl acrylamide) (PNI-
PAM) as vehicles for drug delivery. PLGA is characterized by
its biocompatibility, degradability, and size adjustability, which
enables the precise release of the drug in the faintly acidic tu-
mor microenvironment. Temperature-responsive PNIPAM was
grafted to its surface to promote drug release through the pho-
tothermal effect, thus realizing the deep delivery of ferroptosis
agents (Figure 1). The nanocapsules were prepared by micro-
emulsion method!">'®! utilizing PLGA-PNIPAM as the backbone,
combined with amorphous iron (AFe) nanoparticles with Fenton-
responsive activity, photothermal agent Y6, and chemotherapeu-
tic agent tirapazamine (TPZ). The multifunctional nanocarrier
is designed to provide an integrated tumor treatment regimen
through ferroptosis, photothermal therapy, and chemotherapy.
By virtue of the appropriate size of the nanocarriers, they can
be efficiently enriched at the tumor loci. Based on the acid sensi-
tivity of PLGA and the temperature sensitivity of PNIPAM and
Y6 molecules in the nanocapsules, they can realize responsive
degradation under the dual stimulation of the faintly acidic tu-
mor microenvironment and photothermal effect, facilitating the
release of small internal payloads for therapeutic effects in the
oxygen-poor deep tumor tissues.'”?"! The nanocapsules enable
the delivery of drugs to the cancer cells as efficiently and quickly
as possible to exert anticancer effects, while the promising bio-
compatibility proved its potential for practical applications.

2. Experimental section
2.1 Materials and reagents
Tirapazamine and oleylamine were purchased from Macklin

Chemicals. Y6 was purchased from J& W Technology. Dimeth-
yl sulfoxide (DMSO) methylene chloride and 7-hexane were
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purchased from Sarn Chemical Technology (Shanghai). Penta-
carbonyl iron (Fe(CO);) was purchased from Jiangsu Tianyi.
1-Octadeene was purchased from Sigma-Aldrich. Pancreatin
and phosphate buffer were purchased from Thermo Fisher
Scientific. The CCK-8 kit, 2’,7’-dichlorofluorescein diacetate
(DCFH-DA), and annexin V-FITC/PI apoptosis detection kit
were purchased from Beyotime Biotechnology. All the chemi-
cals were used without additional purification, except DMSO,
CHCI,, triethylamine, and #-hexane. Deionized (DI) water was
obtained from a Milli-Q water purification system.

2.2 Characterization

The morphology of prepared nanoparticles was observed by
transmission electron microscopy (TEM, JEM 2100, Japan).
X-ray diffractions (XRDs) of samples were recorded on a D/
max-2550 PC X-ray diffractometer (Rigaku, Japan). UV-vis—
near-infrared (NIR) absorption spectra were measured on a Shi-
madz spectrophotometer (UV-3150, Japan). Fourier transform
infrared spectra were recorded using a Shimadz spectrophotom-
eter (IRTracer-100, Japan). Size distribution and Zeta poten-
tial of the samples were recorded using the Zetasizer Nano ZS
apparatus (Malvern, UK). The generation of free radicals was
characterized by electron paramagnetic resonance spectrosco-
py using a Bruker ESR spectrometer (ELEXSYS-II E580, USA).
The concentrations of Fe element were analyzed by a Leeman
Prodigy inductively coupled plasma optical emission spectros-
copy (ICP-OES) system (Hudson, NH03051, USA). Confocal
laser scanning microscope (CLSM) images were performed on a
Zeiss LSM880 CLSM.

2.3 Synthesis of AFe nanoparticles

About 1 mL of oleylamine and 20 mL of 1-octadecene were added
to a 100mL 4-necked flask and stirred thoroughly under suffi-
cient nitrogen atmosphere to ensure that no air remained in the

Figure 1. Schematic illustration of PP-TPZ-AFe-Y6-iRGD peptide nanocapsules formation and tumor therapeutic mechanism of PP-TPZ-AFe-Y6-iRGD nano-

capsules.
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system, and then this mixed solution was warmed up. At 80°C,
the solution was evacuated to ensure complete removal of organic
impurities. After that, 0.4mL of Fe(CO)S5 was added at 120°C,
and then the temperature was raised to 180°C for 30 min. During
this process, the color of the solution gradually changed from col-
orless to dark orange. After waiting for natural cooling to room
temperature, 25mL of acetone was added and centrifuged at
5000 rpm for 2min, and centrifuged and washed twice to obtain
black AFe nanoparticles, followed by adding 10mL of dichloro-
methane (DCM) to dissolve the sample for storage.

2.4 Synthesis of PLGA-PNIPAM nanocapsules

About 1500mg PLGA, 24mg dicyclohexylcarbodiimide, and
23mg N-hydroxy butane diimide were added to a 250mL
round-bottomed flask, followed by the addition of 50mL of
DMSO and stirring for 30 min to activate the carboxyl groups.
Then, 6mg of ethylenediamine was added to the round-bot-
tomed flask, and the activated PLGA was slowly added drop-
wise to the ethylenediamine and stirred in ice bath for 24h.
After 24 h, 500 mg PNIPAM was added to the round-bottomed
flask and stirred at room temperature for 24 h. After 24 h, post-
treatment was carried out by extracting DMSO with ethyl ac-
etate and water, then removing ethyl acetate by spinning, and
finally adding ether to recrystallize the solution to produce a
PLGA-PNIPAM solid, which was then placed in a vacuum dry-
ing oven for overnight drying and set aside.

2.5 Synthesis of PP-TPZ-AFe-Y6 nanocapsules

PLGA-PNIPAM (PP)-TPZ-AFe-Y6 nanocapsules were synthe-
sized by microemulsion method (water/oil/water). About 100 mg
PLGA-PNIPAM, 15 mg AFe nanoparticles, 8 mg Y6 molecules,
and 20mg of F127 were mixed in 3mL of DCM. Then, 1 mL
TPZ solution (20mg/mL saline solution) was added to inject
into the mixture and sonicated for 6 min (5s on, 5s off) using
an ultrasonic probe (ultrasonic frequency: 750 W, 40%). And
10mL of polyvinyl alcohol solution (10 mg/mL saline) was add-
ed into the mixture and sonicated for S5min (5s on and 5s off)
using the same ultrasonic conditions. The mixture was magnet-
ically stirred overnight under argon protection, and then rotary
evaporation was used to remove the DCM. After centrifugation
for 8min (7000rpm), the PP-TPZ-AFe-Y6 nanocapsules were
prepared by overnight drying in a freeze dryer and set aside. All
processes were done under light-avoidance conditions.

2.6 Release kinetics and morphological changes of
nanocapsules

Three aliquots of PP-TPZ-AFe-Y6 nanocapsules of the same
mass (10 mg) were accurately weighed and dispersed in 1 mL of
PBS (pH = 5.4, 6.5, and 7.4). The 3 solutions were then placed
in dialysis tubing (molecular weight cutoff of 5000Da). Then,
1mL of dialysate was taken out at Oh, 3h, 6h, 12h, 24 h, 48h,
and 96 h, respectively. The withdrawn dialysate was diluted and
filtered, and the absorbance value at 270nm was character-
ized by UV=-vis. It is the characteristic absorption peak of the
drug molecule TPZ and can be used to calculate the cumula-
tive release of TPZ. The concentration of iron ions in the sam-
ples was measured by ICP-OES and the cumulative release of
AFe was calculated. Then the time-cumulative percent release
curve was plotted by observing the drug release from PP-TPZ-
AFe-Y6 nanocapsules at different pH values. In addition, to
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investigate the morphological changes of the drug released from
the nanocapsules at different pH values, 3 samples were taken
from after 12 h for TEM. In addition, in order to investigate the
morphological changes of the drug released from the nanocap-
sules at different pH values, 3 samples were observed by TEM,
respectively.

2.7 Cell culture

Murine-derived embryonic fibroblasts (NIH3T3), murine-de-
rived breast cancer cells (4T1), and human-derived hepatocel-
lular carcinoma cells (HepG2) cell lines were obtained from the
Cancer Institute and Hospital of the Chinese Academy of Medi-
cal Science. 4T1 was cultured in RPMI 1640 medium containing
10% fetal bovine serum and 1% penicillin/streptomycin in a
humidified environment at 37°C with 5% CO,. Under the same
conditions, NIH3T3 and HepG2 were cultured in Dulbecco's
modified eagle medium and Eagle's minimum essential medi-
um, respectively. All the reagents for cell culture were purchased
from Invitrogen.

2.8 Clone formation experiment

The cells were digested and centrifuged while the supernatant
was removed. Complete medium was added and the cells were
lightly blown to suspend them evenly. After dilution, the num-
ber of cells with a cell counting plate was counted, the required
volume of cells and medium was calculated, and they were
mix. The mixture was added to a 6-well plate, shaken well, and
placed in an incubator for 2 to 3 weeks. After the appearance of
cell colonies, the medium was removed and washed twice with
PBS. Afterward, 4% paraformaldehyde was added for 15 min
of fixation and washed twice with PBS. Subsequently, they were
stained for 30 min, and the staining solution used was crystal
violet stain and washed 3 times with PBS after staining. Finally,
the 6-well plate was air-dried.

2.9 Immunofluorescence

Intracellular ROS assay was measured by the ROS Assay Kit
(S0033, Beyotime, China). Tumor cells were seeded into a 24-
well culture plate (2 x 10* cells per well). When the cell density
reached 70%, the cells were then incubated with nanocapsules
for 24 h. After washing out the free nanocomposite with PBS,
the fresh culture medium was added. A laser was then used to
irradiate the cells for 5min. The staining method was directed
by the instructions. The cells were finally visualized using an
inverted microscope (Olympus IX71).

2.10 Flow cytometry analysis

Tumor cells were seeded in 6-well plates and treated with differ-
ent types of nanomedicine when the cell density reached 80%
(=10¢ cells per well). Treated cells were digested and added to a
15mL centrifuge tube and centrifuged to remove the superna-
tant. It was then washed twice with phosphate buffer. The cells
were resuspended with diluted DCFH-DA solution and allowed
to mix thoroughly. The mixture was incubated in a carbon di-
oxide cell incubator at 37°C for 20 min, followed by washing
tumor cells with serum-free cell culture solution 3 times. The
samples were filtered using a 100 pm membrane and transferred
to flow tubes. Analysis was then implemented with a cell flow
cytometer.
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2.11 Double staining of the live/dead cell assay

Double staining of the live/dead cell assay was carried out us-
ing the Calcein-AM/PI Double Stain Kit (40747ES76, Yeasen,
Shanghai, China). 4T1 and HepG2 were seeded into a 24-well
culture plate (2 x 10* cells per well). When the cell density
reached 70%, the cells were then incubated with nanocapsules
for 24 h. After washing out the free nanocomposite with PBS,
the fresh culture medium was added. A laser was then used to
irradiate the cells for 5min. The staining method was directed
by the instructions. The cells were finally visualized using an
inverted microscope (Olympus IX71).

2.12 Tumor xenograft model

Balb/c mice were purchased from Guangdong Zhiyuan Biomed-
ical Technology Co., Ltd. (Guang Zhou, China). For the tumor
xenograft model, 4T1 cells (2 x 10° cells in 100 pL of saline)
were injected subcutaneously into Balb/c mice at the root of the
right hind legs. All animal experiments were performed accord-
ing to the guidelines of the Institutional Animal Care and Use
Committee of South China University of Technology, Guang
Zhou, China (no. 2022090).

2.13 Grouping and administration of 4T1 tumor-bearing
mice

After the tumor volume increased to about 100 mm?, the 4T1 tu-
mor-bearing mice were randomly divided into 6 groups, namely
control group, laser group, TPZ group, PP-AFe-Y6 group, PP-
TPZ-AFe-Y6-iRGD group, and PP-TPZ-AFe-Y6-iRGD + laser
group. The mice were administered intratumorally on day 0.
After 6h of administration, laser irradiation (808 nm, Smin, 1
W/cm?) was applied to the tumor sites of mice in the laser group
and PP-TPZ-AFe-Y6-iRGD + laser group; (808 nm, 5 min, 1 W/
cm?). The doses of the drug were administered at C, = 136.2
pg/mL.

2.14 Hemolysis test

Fresh blood was obtained from female BALB/c mice at 4 to 6
weeks. Subsequently, erythrocytes (RBCs) were isolated from
the plasma by dilution with PBS and the earlier steps were
repeated to clarify the supernatant. The final concentration
of 1% (V/V) RBCs suspension was then mixed with different
concentrations of PP-TPZ-AFe-Y6. PBS and DI water were
used as negative and positive controls, respectively. Next, af-
ter incubation in a water bath at 37°C for 4h and centrifu-
gation for 5min, 100 pL of the supernatant of each sample
was transferred to a 96-well plate. The free hemoglobin in
the supernatant was measured with a microplate reader at
540nm. The hemolysis ratio of RBCs was calculated using
equation (1):

Asample — Anagetive control

x 100%

control (l)

Hemolyticratio (%) =

Apositive control — Anagetive

where A

sample? © “negative control

absorbance of sample, negative an

,and A were denoted as the
Cfosmw control

positive control, respectively.

2.15 Statistical analysis

Results were presented as means = standard deviation. Student
2-tailed nonpaired ¢ test was used to determine the significance
between treatment and control groups in all experiments. P < 0.05

107

https://journals.lww.com/medmat/

was considered statistically significant; *P < 0.05, **P < 0.01
and n.s. indicates no significant difference.

3. Result and discussion

3.1 Synthesis and characterization

Initially, we successfully synthesized AFe nanoparticles utilizing
a hydrothermal method with Fe(CO), as the precursor. TEM
images showed good homogeneity and dispersion of the AFe
particles. Their average diameter was about 8 nm by particle size
analysis (Figure 2A, B). Subsequently, we synthesized the tem-
perature- and acid-responsive multiblock polymer PLGA-PNI-
PAM via an amidation reaction. The formation of amide bonds
was confirmed by Fourier infrared spectroscopy characteriza-
tion (Supplementary Figures S1 and S2, http://links.lww.com/
MEDMAT/A1). Finally, we succeeded in preparing PP-TPZ-
AFe-Y6 nanocarriers by employing the microemulsion method,
which effectively introduced hydrophobic AFe and hydrophilic
TPZ into PLGA-PNIPAM nanocarriers to realize the synergistic
encapsulation of multicomponents. After the evaporation of or-
ganic solvents, the PP-TPZ-AFe-Y6 nanocapsules were obtained
by centrifugal purification (Figure 1). To verify the stability of
the nanocapsules, they were dissolved in water for 14 days, and
the hydration kinetic diameters and zeta potentials of the nano-
carriers hardly changed with time, which proved that the nano-
carriers were well stabilized in aqueous solution (Figure 2C).
XRD spectroscopy analysis reveals the crystal structure of iron
nanoparticles: the amorphous state of Fe (Figure 2E). The UV
absorption peak at around 265nm proved that the nanocarri-
ers were successfully loaded with TPZ (Figure 2F). Elemental
mapping images of PP-TPZ-AFe-Y6 were provided to show the
presence of Fe, F, and S in the nanocarriers more intuitively, in-
dicating that AFe and Y6 molecules were successfully loaded
inside the nanocarriers (Figure 2D and Supplementary Figure
S3, http:/links.lww.com/MEDMAT/A1). The existence of Fe
2p peaks in X-ray photoelectron spectroscopy (XPS) suggests
the availability appearance of Fe?*, supporting the presence
of a ferrous oxide phase in AFe nanoparticles (Figure 2G and
Supplementary Figure S4, http://links.lww.com/MEDMAT/A1).
Combined with XPS map analysis of AFe, AFe nanoparticles
showed no significant changes after complexation with PP-TPZ-
AFe-Y6 nanocapsules (Supplementary Figure S5a, b, http://links.
lww.com/MEDMAT/A1). The Zeta potential analysis verified
that PP-TPZ-AFe-Y6 nanocapsules, with a hydration kinetic di-
ameter of approximately 230 nm, were able to efficiently deliver
therapeutic mediator to the tumor region through the enhanced
permeability and retention (EPR) effect (Supplementary Figure
S6a, http:/links.lww.com/MEDMAT/A1), essential for achiev-
ing favorable treatments. In addition, the modification of tu-
mor-homing and penetrating peptide (iIRGD) markedly reduced
the electronegativity of the nanocarrier, which could effectively
improve the feeding of tumor cells into the nanocarrier (Sup-
plementary Figure S6b, http://links.lww.com/MEDMAT/AT1).
In summary, we succeeded in synthesizing a nanodrug delivery
system with good stability, laying a prerequisite for subsequent
biological validation.

3.2 Responsive degradation behavior of nanocapsules

We evaluate the rate and mechanism of release of nanocapsules
under specific conditions, ensuring that the drug will achieve the
desired therapeutic effect in vivo. We simulated the degradation
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Figure 2. Synthesis and characterization of PP-TPZ-AFe-Y6 nanocapsules. (A) TEM image of PP-TPZ-AFe-Y6 nanocapsules; (B) TEM image of AFe nanoparti-
cles; (C) stability of PP-TPZ-AFe-Y6 nanocapsules in water; (D) elemental distribution of PP-TPZ-AFe-Y6 nanocapsules; (E) XRD image of AFe nanoparticles and
PP-TPZ-AFe-Y6 nanocapsules; (F) UV-vis spectra of PP-TPZ-AFe-Y6 nanocapsules; (G) high-resolution XPS maps of Fe 2p of PP-TPZ-AFe-Y6 nanocapsules;

Scale bar: 20nm, 50nm, and 200nm.

behavior of nanocapsules under different physiological envi-
ronments. Under laser irradiation, Y6 molecule absorbs optical
energy and excites the state through the electron transition, re-
sulting in an increase in their internal energy. Subsequently, the
molecules release energy via nonradiative pathways, converting
this energy into thermal energy, which subsequently increases
the temperature. Therefore, we investigated the conditions for
optimal photothermal efficiency of PP-TPZ-AFe-Y6 nanocap-
sules under 808 nm laser irradiation. The optimized conditions
were obtained as follows: the concentration of the nanocap-
sules: 100 mg/L, the laser power: 1 W/cm?, the irradiation time:
5min, and the temperature change: approximately 13°C. (Sup-
plementary Figure S7a, b, http:/links.lww.com/MEDMAT/A1).
Of note, nanocapsules maintain excellent photothermal effect
even after 4 irradiation cycles (Supplementary Figure S7c, http://
links.lww.com/MEDMAT/A1). Then, we dispersed the nano-
capsules in PBS with different pH to simulate the faintly acidic
tumor microenvironment. The photothermal effect within the
tumor was simulated by setting a temperature environment of
43°C, then we evaluated the acid-responsive degradation of the
nanocapsules under thermally stimulated conditions. In solution
at pH 7.4, the nanocapsules remained stable for 12 h, showing

108

excellent stability under physiological conditions; at pH 6.5, the
nanocapsules showed minor cleavage for 12 h; in pH 5.4 buffer,
the nanocapsules exhibited pronounced cleavage leading to the
release of AFe nanoparticles, presenting an acid-sensitive deg-
radation process (Figure 3A). The acid-responsive degradation
behavior was attributed to the breaking of ester bonds in PLGA
at pH below 6.5. Meanwhile, the thermal sensitivity of PNIPAM
caused changes in the structure of the nanocapsules as the tem-
perature increased, further promoting nanocapsules degrada-
tion. Our design takes advantage of the favorable photothermal
effect of the nanocapsules and combines it with the acid-respon-
sive degradation properties in the microenvironment of tumors
to achieve more precise and effective drug release, thus improv-
ing therapeutic efficacy and reducing side effects. Subsequently,
the kinetics of TPZ and AFe release from PP-TPZ-AFe-Y6 nano-
capsules were tested under different stimulation conditions.
Furthermore, based on standard curves of TPZ (Figure 3B and
Supplementary Figure S8, http://links.lww.com/MEDMAT/A1),
we specifically analyzed the drug release over 96 h under differ-
ent pH (7.4, 6.5, and 5.4) and temperature (25°C, 37°C, and
45°C) conditions. At 43°C, the release rates of TPZ were 73%
(pH 7.4), 84% (pH 6.5), and 90% (pH 5.4), and that of AFe
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Figure 3. Stimulus-responsive degradation of PP-TPZ-AFe-Y6 nanocapsules. (A) TEM images of PP-TPZ-AFe-Y6 nanocapsules dispersed in different pH buf-
fers; (B) UV-vis spectrograms of different concentrations of TPZ solutions; cumulative release rates of (C) AFe and (D) TPZ from PP-TPZ-AFe-Y6 nanocapsules
in different pH buffers; (E) UV-vis spectrograms and (F) photographs of different concentrations of PP-TPZ-AFe-Y6 nanocapsules assayed to produce ROS in
UV-vis spectrograms; (G) ESR spectra of PP-TPZ-AFe-Y6 nanocapsules after treatment with different pH buffer solutions.

were 15% (pH 7.4),25% (pH 6.5), and 30% (pH 5.4), respec-
tively. At pH 7.4, the release rates of TPZ and AFe were the low-
est, indicating that the drugs could be effectively retained under
normal physiological conditions (Figure 3C, D). The main rea-
son for the lower release rate of AFe than TPZ is that iron-based
nanomaterials possess more stability and a slower degradation
rate, and these material properties determine a slower release
rate than that of chemotherapeutic drugs. The release of TPZ
and AFe from the nanocapsules showed a pH dependence: the
release profiles of TPZ and AFe were significantly elevated under
acidic conditions. At pH 5.4, the release rates of TPZ were 45%
(25°C), 49% (37°C), and 90% (45°C), respectively, and that of
Fe were 5% (25°C), 20% (37°C), and 30% (45°C), respectively,
at pH 5.4 (Supplementary Figure S9a, b, http:/links.lww.com/
MEDMAT/A1). These results demonstrate that PP-TPZ-AFe-Y6
nanocapsules are capable of achieving effective and controlled
release of TPZ and AFe under acidic and photothermal condi-
tions. The PP-TPZ-AFe-Y6 nanocapsules exhibited significant
acid- and photothermal-responsive degradation properties
due to the acid sensitivity of PLGA, the thermosensitivity of

PNIPAM, and the photothermal effect of Y6 molecules. The ex-
ploration of Fe?* in nanocarriers has attracted much attention in
recent years due to inducing the high-efficiency Fenton reaction,
which has rendered it a classic component of nanocomposites.
As a novel reagent for the Fenton reaction, the AFe released
from nanocapsules was able to generate large amounts of ROS
in tumor cells.?'-? Simultaneously, we verified the participation
of AFe released from nanocarriers in the Fenton reaction un-
der different conditions. The experimental results suggested that
the degradation rate of methylene blue (MB) was the highest in
the PP-TPZ-AFe-Y6 + laser group (Supplementary Figure S10,
http://links.lww.com/MEDMAT/A1). With the concentration of
PP-TPZ-AFe-Y6 increases, more -OH could be produced, caus-
ing substantial MB degradation (Figure 3E, F). We further con-
firmed the generation of -OH by electron spin resonance (ESR)
test, whose profile showed 4 characteristic peaks of -OH. The 4
characteristic peaks of -OH with a typical 1:1:1:1 signal were the
strongest at pH 5.4, which provided support for the highly ef-
ficient ROS generation ability of PP-TPZ-AFe-Y6 nanocapsules
in acidic environments (Figure 3G and Supplementary Figure
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S11, http://links.lww.com/MEDMAT/A1). The aforementioned
experimental results suggest that PP-TPZ-AFe-Y6 nanocap-
sules are capable of achieving controlled release of drug and
AFe under acidic and photothermal conditions, together with
producing a large amount of ROS in the faintly acidic tumor
microenvironment through the Fenton reaction, which provides
feasibility to inhibit the proliferation of tumor cells.

3.3 Evaluation of in vitro antitumor effects

In order to ensure that the nanocapsules have good biosafety
in inhibiting tumor cell proliferation, we initially evaluated the
biotoxicity of different concentrations of PLGA-PNIPAM and
the duration of interaction on various cell lines. The test results
suggested that the survival rate of the cell lines all reached up to

https://journals.lww.com/medmat/

90%, confirming the good biosafety of PLGA-PNIPAM nano-
carriers (Figure 4A, B). To further investigate the cell-killing
effect of nanocapsules stimulated by external conditions, we
coincubated different concentrations of PP-TPZ-AFe-Y6 nano-
capsules with NIH3T3, 4T1, and HepG2, respectively, and sub-
jected the corresponding groups to laser irradiation treatment.
As the concentration of PP-TPZ-AFe-Y6 nanocapsules reached
a relatively high concentration of 100 mg/mL, the survival rate
of NIH3T3 still remained above 90%. The toxicity of PP-TPZ-
AFe-Y6 nanocapsules to NIH3T3 was almost negligible, which
proved that it carried out good biosafety for normal cells. The vi-
ability of the treated 4T1 and HepG2 was significantly reduced,
showing concentration dependence (Supplementary Figure S12,
http://links.lww.com/MEDMAT/A1). The above experimental
results show that PP-TPZ-AFe-Y6 nanocapsules are able to
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Figure 4. Evaluation of cell proliferation effects in vitro. Cell viability of NIH3T3, HepG2, and 4T1 after treatment with PLGA-PNIPAM nanocapsules for (A) 24h
and (B) 48h; (C) cell viability of 4T1 and HepG2 after different treatments; (D) representative images of monolayer colony formation assay for 4T1 and HepG2
after different treatments and (E) quantitative results; (F) representative pictures and (G) quantitative results of Transwell experiments after different treatments;
scale bar: 200 um; laser parameters in the experiments: 808 nm, 1.0 W/cm? and 5min. *P < 0.05 vs PBS, **P < 0.01 vs PBS,"**P < 0.001 vs PBS.
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achieve efficient treatment of tumor cells under external stimu-
lation conditions without damaging normal cells. Subsequently,
we investigated the effect of different components of the nano-
carriers on tumor cell viability. Subsequently, we investigated
the effects of different components of the nanocarriers on tumor
cell viability. Laser, TPZ, PP-AFe-Y6, PP-TPZ-AFe-Y6, and PBS
groups showed no apparent change in cell viability, which was
above 90%. Nevertheless, under laser irradiation, the cell viabil-
ity of the PP-TPZ-AFe-Y6 group dramatically decreased to be-
low 30% (Figure 4C). This result was attributed to the fact that
laser irradiation promoted the degradation of the nanocapsules,
releasing the internally loaded TPZ and AFe, which significantly
inhibited the proliferation of tumor cells. We further validated
the influence of tumor stem cells and tumor cell migration abil-
ity through plate cloning and cell migration assays. The results
of plate cloning experiments showed that there was no signifi-
cant difference in the proliferation ability of cell stem cells un-
der PBS and other treatment conditions, whose colony clusters
were relatively great. In contrast, PP-TPZ-AFe-Y6 nanocapsules
effectively inhibited the clone formation of tumor cells under
laser irradiation, confirming that PP-TPZ-AFe-Y6 nanocap-
sules coupled with laser treatment significantly suppressed the
proliferation of tumor stem cells (Figure 4D, E). The results of
the wounding heal revealed that PP-TPZ-AFe-Y6 was capable
of effectively reducing the migratory ability of 4T1 upon laser
irradiation (Supplementary Figure S14a, c, http:/links.lww.
com/MEDMAT/A1). The inhibitory effect of nanocapsules on
the migration ability of HepG2 is not significant because of its
weaker migration ability (Supplementary Figure S14b, d, http://
links.lww.com/MEDMAT/A1). The results of transwell experi-
ments had little controversy in conclusions (Figure 4F, G). The
foregoing experimental results suggest that the synthesized
nanocapsules not only have good biocompatibility but also can
inhibit the relevant phenotypes of tumor cells, providing a solid
foundation for following biological experiments.

3.4 Tumor cell internalization

Internalization of nanomaterials by cancer cells plays a crucial
role in inducing changes in cellular behaviors that may dictate
the efficiency of cancer therapy. To assess the uptake ability
of tumor cells to the nanocapsules, we incubated the Cy3-la-
beled PP-TPZ-AFe-Y6 with 4T1 and HepG2 for 2h and 8h,
respectively. Under the same concentration of PP-TPZ-AFe-Y6
nanocapsules, the uptake of nanocapsules by 4T1 and HepG2
increased from 1.19% and 0.62% to 17.2% and 28.5%, re-
spectively (Figure SA, B). The test results show that tumor cells
are more likely to phagocytose more nanocapsules at longer in-
cubation times, which is critical for the effectiveness of drug
delivery. Hydroxyl radicals, being highly reactive free radicals,
are capable of oxidizing mitochondrial membrane lipids and
proteins and disrupting mitochondrial structure and function,
which lead to disorders of cellular energy metabolism and the
onset of apoptosis.*! We observed the morphology of tumor
cell mitochondria by biological TEM to assess the cellular dam-
age induced by hydroxyl radical. As shown in Figure 5C, the mi-
tochondria in the PBS group were structurally intact with clear
cristae. In cells treated with PP-TPZ-AFe-Y6 nanocapsules and
laser, the generated -OH increased the intracellular oxidative
stress level (ROS), leading to mitochondrial membrane LPO,
membrane structure disruption, and cristae disintegration. The
nanocapsules caused significant damage to mitochondria after
light treatment.??”1 The results of live/dead cell fluorescence
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staining experiments showed that compared with other parallel
experimental groups, PP-TPZ-AFe-Y6 + laser resulted in a rela-
tively great quantity of cell death, displaying a significant cyto-
toxic effect (Figure 5D, E). The findings of the abovementioned
experiments exhibit that PP-TPZ-AFe-Y6 nanocapsules possess
a strong killing ability on tumor cells under laser irradiation.

3.5 Efficiency of ROS generation in vitro

Cell survival is markedly affected by ROS, and high levels of
ROS are capable of inducing apoptosis and necrosis because of
cell membrane LPO, protein oxidation, and DNA damage.?*-"
Via ROS fluorescent probe (DCFH-DA), we detected the in-
tracellular ROS level triggered by different components of the
nanocapsules. The green fluorescent signal of 2°,7’-dichlorofluo-
rescein (DCF) was the most pronounced in the PP-TPZ-AFe-Y6
+ laser group, which indicated that there was a higher oxidative
stress level in the tumor cells, suggesting that the laser-irradiated
nanocapsules have excellent ROS generation ability in the tu-
mor cells (Figure 6A, B). Subsequently, we analyzed the influenc-
es of different treatment conditions on tumor cell apoptosis by
flow cytometry. 4T1 and HepG2 exhibited higher apoptosis and
necrosis ratios (21.8% and 30.55%) in the PP-TPZ-AFe-Y6 +
laser group, respectively (Figure 6C, D, and Supplementary Fig-
ure S13, http:/links.lww.com/MEDMAT/A1). The mentioned
experimental results indicated that the combination of apopto-
sis and nonapoptosis tumor death modality would provide an
avenue for tumor therapy.

The ROS-glutathione (GSH)-malondialdehyde (MDA)-LPO
axis is recognized as an important pathway for ferroptosis. In-
tracellular ROS deplete GSH, and the decrease in GSH levels
leads to lower activity of GPX4, which increases the produc-
tion of LPO and MDA, ultimately promoting ferroptosis.’3!=4
For this reason, we explored the therapeutic mechanism of
PP-TPZ-AFe-Y6 on tumors under photothermal conditions.
Initially, the intracellular GSH content under different treat-
ment conditions was measured and analyzed. The experimental
results displayed that under laser irradiation conditions, the
nanocapsules released loaded AFe to generate -OH via the Fen-
ton reaction, which consumed a large amount of intracellular
GSH in the tumor cells (Figure 6E). Then, we investigated the
levels of MDA, a typical end product of LPO decomposition, in
tumor cells under different treatment conditions. The reaction
product of MDA and thiobarbituric acid absorbs strongly at
532 nm, which is used to quantify intracellular MDA levels.*’!
The results revealed that the PP-TPZ-AFe-Y6 group presented
a significant increase in the content of MDA under laser irra-
diation compared with another parallel group (Figure 6F). The
combined effect of this multiple mechanism made PP-TPZ-
AFe-Y6 nanocapsules exhibit strong GSH consumption and
MDA generation abilities under laser irradiation, which hin-
dered the elimination of LPO, thus significantly increasing the
intracellular ROS level and exacerbating the process of ferro-
ptosis in tumor cells. In conclusion, the PP-TPZ-AFe-Y6 nano-
capsules were found to effectively destroy tumor cells through
multiple mechanisms after NIR laser treatment. This undesir-
able destructive process can become a novel tool applicable to
cancer treatment.

3.6 Evaluation of biosafety and tumor therapy in vivo

In vitro experiments, we observed significant tumor cell-kill-
ing effects of the nanocapsules. To deepen the study of the
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therapeutic effects of PP-TPZ-AFe-Y6-iRGD nanocapsules in  and distribution in mice, aiming to explore the nanocapsules’
vivo, we first loaded the NIR fluorescent molecule, Indocyanine  ability of targeting and recognizing the tumor. As shown in
green (ICG), into these nanocapsules and tracked their diffusion ~ Figure 7A, PP-TPZ-AFe-Y6-ICG-iRGD nanocapsules showed
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Figure 7. In vivo imaging and biosafety evaluation. (A) NIR-II fluorescence images of 4T1 tumor-bearing mice at different times; variations of blood biochemical
indices of (B) T-bil-D Il, (C) ALT, (D) AST, (E) ALP, (F) y-GT and (G) serum creatinine (CREA-S) in each group of mice at the end of treatment.

excellent target recognition ability for tumors. The fluorescence
intensity of ICG at the tumor site peaked at about 6 h after in-
tratumoral administration, which proved that the nanocapsules
were well enriched and uniformly distributed at the tumor loci.
As a result, laser irradiation at about 6 h of drug administration
was able to achieve the desired therapeutic effect. In contrast
to the nonspecific distribution in the ICG group, the fluores-
cence of the nanocapsules was capable of sustained enrichment
at the tumor loci after 72h of administration without spread-
ing to other parts of the mice. These experimental results sug-
gest that PP-TPZ-AFe-Y6-ICG-iRGD nanocapsules have good
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bio-targeting properties to tumor tissues, conducive to reducing
the toxicity of drug molecules in vivo and improving the safety
of treatment.

After that, we investigated the biosafety and tumor elimi-
nation ability of PP-TPZ-AFe-Y6-iRGD nanocapsules in 4T1
tumor-bearing mice. The mice were divided into 6 groups:
control (PBS), laser, TPZ, PP-AFe-Y6, PP-TPZ-AFe-Y6-iRGD,
and PP-TPZ-AFe-Y6-iRGD + laser. The mice in each group
were injected with nanocapsules in the tumor region for 6h
and then irradiated with a NIR laser (Figure 8A). All groups
of mice exhibit a steady increase in body weight throughout
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the treatment (Figure 8C), exhibiting that there is little effect
on the growth and health of tumor-bearing mice. Mouse blood
biochemical index assays were used to further evaluate the ef-
fect of PP-TPZ-AFe-Y6-iRGD nanocapsules on biosafety. As
shown in Figure 7B-G, PP-TPZ-AFe-Y6-iRGD nanocapsules
did not induce significant variations in liver function indices
including alanine aminotransferase (ALT), alanine oxaloac-
etate aminotransferase (AST), alanine alkaline phosphatase
(ALP), and triglyceride (y-GT), as well as renal function indi-
ces such as bilirubin (T-bil-D II), and serum albumin (ALB II),
in mice. Biochemical tests were all within the normal range,

suggesting that no obvious infection or inflammation was trig-
gered during the treatment period. Although the y-GT index in
the PP-TPZ-AFe-Y6-iRGD + laser group was smaller than that
in the other treatment groups, it was above zero, but its level
was still within the safe range. The results of hemolysis experi-
ments demonstrated that the nanocapsules did not damage the
erythrocytes significantly when circulating in vivo, displaying
superior biocompatibility (Figure 8B). The aforementioned re-
sults proved that PP-TPZ-AFe-Y6-iRGD does not cause func-
tional damage to major organs in vivo, and possesses favorable
biosafety.
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In contrast, there was a significant difference in tumor vol-
ume among the different treatment groups. Compared with
the control and laser groups, the tumor growth trajectories of
the PP-AFe-Y6 and PP-TPZ-AFe-Y6-iRGD groups were slight-
ly affected, the tumor growth of the TPZ group was signifi-
cantly inhibited, and the PP-TPZ-AFe-Y6-iRGD + laser group
showed the most significant reduction in tumor volume and
even achieved complete elimination of tumors, which indicated
that the joint action of TPZ and ferroptosis achieved the inhi-
bition of tumor tissue growth (Figure 8D, F). At the end of the
treatment, tumor tissues from each group of mice were collect-
ed and photographed and the tumor inhibition rate was calcu-
lated. The experimental data further confirmed the significant
tumor-eliminating ability of PP-TPZ-AFe-Y6-iRGD under laser
irradiation (Figure 8E, G). In addition, the changes in the mor-
phology of tumor tissues in each treatment group were observed
by staining with hematoxylin and eosin (H&E). It was found
that the morphology of tumor tissues in each treatment group
appeared to be altered to different degrees. The number and
density of cells in the tumor tissues of the TPZ group, the PP-
AFe-Y6 group, and the PP-TPZ-AFe-Y6-iRGD group appeared
to be significantly reduced relative to those in the control group
and the laser group, proving its significant inhibitory effect on
the growth of tumor tissues (Figure 8H). There were no staining
results of tumor tissues in the PP-TPZ-AFe-Y6-iRGD + laser
group because of the elimination of tumor tissues. We collected
the main organs (spleen, liver, lung, kidney, and heart) of mice
in different treatment groups for assessing the toxicity of PP-
TPZ-AFe-Y6-iRGD nanocapsules in vivo by H&E staining. The
results are shown in Supplementary Figure S15, http:/links.lww.
com/MEDMAT/A1, suggesting that the organs of the mice in
each treatment group were well-morphologized with no signifi-
cant variations. PP-TPZ-AFe-Y6-iRGD demonstrated excellent
biocompatibility as well as significant inhibition of tumor cell
proliferation both in vivo and in vitro experiments. Thus, the
designed nanocapsules present great potential to be robust and
versatile remedial nanoplatforms with minimal toxicity and
high potency for tumor therapy.

4. Conclusion

As cancerous issues are gradually threatening the survival and
health of human beings, the bottleneck of traditional treatments
is forcing medical researchers to explore novel treatments. The
emergence of nanomaterials provides ideas for the exploration
of tumor therapeutic means. Ferroptosis, a newly discovered cell
death mechanism, can not only effectively eradicate cancer cells
but also overcome the drug resistance problem inherent in tra-
ditional treatments. Meanwhile, smart nanomedicine delivery
systems improve tumor therapeutic effects by improving drug
targeting, controlled release, and reducing side effects. The com-
bination of them exhibits massive potential for clinical applica-
tion in tumor treatment, providing more precise and effective
treatment means. In this work, we constructed temperature- and
acid-responsive PP-TPZ-AFe-Y6 nanocapsules and evaluated
their antitumor effects both in vitro and in vivo. The size of PP-
TPZ-AFe-Y6 nanocapsules is around 200nm, whose size can
effectively utilize the EPR effect to target and deliver drugs to tu-
mors more effectively. The nanocapsules feature excellent drug
release control ability, which effectively promotes the release of
internal chemotherapeutic drug TPZ and ferroptosis agent AFe
under external stimulation. The released AFe participates in the
Fenton reaction, converting H,0, into toxic -OH and inducing

https://journals.lww.com/medmat/

tumor cell death. The results of in vivo and in vitro experiments
proved that the nanocapsules have promising biosafety and
tumor therapeutic ability. This nanocapsules-based drug deliv-
ery system provides a practical approach for designing more
efficient therapeutic solutions, presenting new hope for tumor
treatment.
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