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Fenton catalytic medicine that catalyzes the production of -OH without external energy input or oxygen as
a substrate has reshaped the landscape of conventional cancer therapy in recent decades, yet potential
biosafety concerns caused by non-safety-approved components restrict their clinical translation from
the bench to the bedside. Herein, to overcome this dilemma, we elaborately utilizate safety-approved
hetastarch, which has been extensively employed in the clinic as a plasma substitute, as a stabilizer
participating in the copper chloride-initiated polymerization of pyrrole monomer before loading it with
DOX. The constructed DOX-loaded hetastarch-doped Cu-based polypyrrole (HES@CuP-D) catalyzes the

excess H,O, in tumor cells to -OH through a Cu*-mediated Fenton-like reaction, which not only causes
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Accepted 26th February 2024 oxidative damage to tumor cells but also leads to the structural collapse and DOX release. Additionally,
HES@CuP-D together with laser irradiation reinforces tumor killing efficiency by hyperthermia-enhanced

DOI: 10.1035/d3ra08263f catalytic activity and -accelerated drug release. As a result, the developed HES@CuP-D provides
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1. Introduction

Chemodynamic therapy, which catalyzes hydrogen peroxide
(H,0,) into highly toxic hydroxyl radicals (-OH) via Fenton or
Fenton-like reactions to trigger tumor cell death, has attracted
increasing attention in recent decades.' The utilization of
Fenton agents and endogenous H,0, to generate -OH elimi-
nates the requirement for external energy input or oxygen as
a substrate, effectively avoiding the primary obstacles of tumor
hypoxia-associated resistance and restricted light penetration
depth encountered in cancer photodynamic therapy.*” As is
well known, considerable efforts have been devoted to devel-
oping versatile Fenton nanomedicines, including Cu'-based
ones with a high reaction rate (1 x 10* m™* s™') that initiate
rapid and robust -OH production under both weakly acidic and
neutral conditions.’*** Although these Cu'-based Fenton
nanomedicines have demonstrated promise antitumor effects,
less emphasis has been made on their biodegradability and
biosafety, especially in terms of potential long-term toxicity
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a promising strategy for Fenton catalytic therapy with negligible toxicity to the body.

caused by non-safe components. Potential biosafety issues, for
instance, include but are not limited to the introduction of
organic chemicals (such as commonly used polyvinyl alcohol,
polyvinylpyrrolidone, or chloroform) during manufacturing
processes, as well as hazardous metabolic byproducts within
the body.'** As far as this is concerned, the application of
safety-approved components in manufacturing Cu'-based Fen-
ton nanomedicines is highly desirable for achieving a satisfac-
tory anticancer effect with minimal toxicity.

As an important conjugated polymer, polypyrrole (PPy) is
characterized by a large m-electronic delocalized backbone and
inter-doping with oxidant complexes and stabilizers, which
confers  potent  photothermal and  photo-electronic
advantages.'*™® These features have been widely utilized in
biological applications, such as photothermal therapy (PTT),
drug delivery, tissue engineering, and biosensors.>*** For
instance, various PPy morphologies have been developed for
near infrared (NIR) laser-mediated PTT against malignant
tumors, including ultrasmall PPy smaller than 10 nm, two-
dimensional PPy, hollow PPy, and so on.”*?* In addition to
being utilized as a photothermal agent, PPy doped with various
metal ions (such as Fe**, Cu”, and Mn>") is also equipped with
the Fenton therapy capability, which can be enhanced further
by PTT-induced hyperthermia, as previously reported.**>® Up to
now, the pharmacologically active component of metal oxidants
has been flourishingly focused and optimized, nevertheless,
another key component of stabilizers that pass through the bulk
to the surface has gone unnoticed, despite being critical for
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structural biosafety and degrading characteristics.**** Poly-
vinylpyrrolidone and polyvinyl alcohol, two popular stabilizers,
are susceptible to delayed degradation and prolonged meta-
bolic clearance in vivo, posing a potential risk of long-term
toxicity and future hurdles to clinical translation. As a result,
developing biodegradable and biosafe PPy, particularly those
consisting of safety-approved pharmaceutic adjuvants, is
crucial for their biological applications.

Hetastarch (HES) is a semi-synthetic polysaccharide that
has been extensively employed in the clinic as a plasma
substitute due to its excellent immunocompatibility and low
allergy rate.®*¢ It is interesting that HES has analogous
structure and physicochemical characteristics with polyvinyl
alcohol, such as abundance hydroxyl groups, good water
solubility, and solvent stability.*”*® Inspired by this, we inno-
vatively developed a one-step synthesis approach for HES-
doped Cu-based PPy (termed as HES@CuP) by using copper
chloride as an oxidant and replacing traditional polyvinyl
alcohol with HES as a stabilizer (Scheme 1). Polyvalent Cu ions-
doped HES@CuP exhibited excellent dispersity, good
biocompatibility, and hyperthermia-enhanced Fenton catalytic
activity, triggering oxidative damage to tumor cells without
affecting normal cellular activity. After doxorubicin (DOX)
loading, the resulting HES@CuP-D showed hyperthermia-
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accelerated release and degradation behavior in a tumor
simulation microenvironment. By the synergistic killing effect
of DOX and HES@CuP, the significant tumor cell death could
be achieved. Overall, this work not only presented a novel PPy
based on safety-approved HES with hyperthermia-accelerated
release and degradation but also promoted the development
of Fenton catalytic therapy.

2. Experimental section

2.1. Materials and chemicals

Pyrrole (99%), methylene blue (MB), and copper chloride
(CuCl,) were purchased from Aladdin. Hetastarch (HES) and
doxorubicin hydrochloride (DOX) were obtained from Shanghai
Yuanye Bio-Technology Co., Ltd. 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) was purchased
from Solarbio. 2/,7'-Dichlorofluorescin diacetateb (DCFH-DA),
3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny-ltetrazolium bromide
(MTT), and JC-1 probe were obtained from Beyotime Biotech-
nology. Dulbecco's modified eagle’s medium (DMEM), phos-
phate buffer (PBS), fetal bovine serum, and trypsin-EDTA were
obtained from Gibco-BRL. All chemicals and reagents were of
the highest quality commercially available and used without
further purification.

HES@CuP-D

HOVDVVOIVIVVIVODVON
o,

DOODOOODOVODOO0ON

FCOCe
o C

IHN o
0 W
S000000Y

: »
A / Ode
VK ' &,
A\ O\ e dat.
AN o% releas )
)\ \ D High temperature LA
\? NG NS o > &/ Al ‘f
., :&eh V4 '
.

Scheme 1 The schematic illustration of the synthetic procedure of HES@QCuP-D and its synergistic antitumor therapy.
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2.2. Synthesis of HES@CuP

In a 100 round-bottom flask, 500 mg HES and 10 mL deionized
(Di) water were added and gently stirred for 1 h at room
temperature. Then, 750 mg of CuCl, pre-dissolved in 10 mL Di
water was slowly added and continuously stirred for 30 min.
Subsequently, 200 pL of pyrrole monomer was added to the
above mixture and stirred for 20 h. The mixture was centrifuged
at 18 000 rpm for 15 min to collect the precipitate, which was
washed three times with Di water.

2.3. Synthesis of HES@CuP-D

10 mg of DOX were added to 10 mL of HES@CuP (10 mg,
dispersed in PBS) under magnetic stirring at room temperature.
24 h later, the mixture was purified in a dialysis bag (3000 D) for
24 h. The obtained HES@CuP-D nanoparticles were stored at 4 ©
C for further experiments.

2.4. Characterization

To characterize the microstructure and morphology of nano-
particles, transmission electron microscopy (TEM) was per-
formed on a JEM-2100UHR microscope (JEOL, Japan). X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Japan), X-
ray diffraction (XRD, Bruker D8, Germany), and Fourier trans-
form infrared spectrophotometer spectrum (FTIR, Nicolet6700-
Contiupm, Thermo, USA) were carried out to analyze the
chemical compositions and crystal structures of HES@CuP. UV-
vis-NIR spectrum of HES@CuP and HES@CuP-D was investi-
gated by using an Infinite M200 PRO spectrophotometer. The
zeta potential and corresponding hydrodynamic particle size of
HES@CuP and HES@CuP-D were detected through dynamic
light scattering (DLS, 90Plus PALS, Brookhaven, UK). The
scheme illustration was drawn by Figdraw.

2.5. Photothermal conversion performance

An IR thermal camera (Ti480U, Fluke, USA) was used to monitor
the temperature changes with exposure duration to assess the
photothermal conversion performance of HES@CuP-D. In
particular, various concentrations of HES@CuP or HES@CuP-D
solutions (0, 100, 200, and 300 pg/mL) were subjected for 10 min
to an 808 nm laser at various power densities (0.59, 0.99, 1.38,
and 2.00 W/ecm?), while pure water served as a control. In
addition, to assess the photothermal stability, HES@CuP-D (200
ng/mL) was irradiated by the 808 nm laser (1.38 W/cm?) for five
switching cycles (on/off: 6 min/6 min).

2.6. Invitro -OH generation

The -OH generation capability of HES@CuP-D was assayed by
MB probe. Briefly, 7 ug/mL of MB and different amount of H,0,
(0, 1, and 5 mM) were added to HES@CuP-D solutions. In the
presence or absence of 808 nm laser irradiation, the absorbance
of diverse mixtures was measured by UV-vis-NIR spectrometer.

To further identify the generation of -OH, a certain quantity
of HES@CuP-D was mixed with H,0, (5 mM) and 5,5-dimethyl-
1-pyrrolineN-oxide (DMPO) in the absence or presence of laser

© 2024 The Author(s). Published by the Royal Society of Chemistry
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irradiation. Subsequently, the -OH signal was detected and
recorded using Electron Spin Resonance (ESR).

2.7. Hyperthermia-accelerated DOX release and degradation

In vitro DOX release experiments were performed by dialysis in
PBS at different H,O, concentrations and the results were
detected using a UV-vis-NIR spectrometer. Briefly, 1 mL of
HES@CuP-D (1 mg/mL) nanoparticles were dialyzed with PBS (9
mL) containing different H,O, concentrations (0, 1, and 5 mM)
at 37 °C while continuously shaking in the dark. For the laser
requirement groups, an 808 nm laser (1.38 W/cm? for 10 min)
was used to irradiate the mixture at 4 and 8 h. At the specified
time points (0.33, 0.66, 1, 2, 4, 6, 8, 19, 23, 27, 30, 43, and 48 h),
the amount of released DOX was measured using UV-vis-NIR
spectrometer. Finally, the degradation behavior of HES@CuP-
D was evaluated by TEM.

2.8. Cellular experiments

Mouse fibroblast cells (3T3) and human pulmonary adenocar-
cinoma cells (A549) were purchased from the American Type
Culture Collection and cultured in DMEM cell culture medium
at 37 °C under 5% CO,.

2.9. Cell cytotoxicity

The cytotoxicity of HES@CuP on cells was assessed by the
standard 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny-ltetrazolium
bromide (MTT) assay. Briefly, cancer cells A549 or normal
cells 3T3 were inoculated into 96-well plates at a density of 8000
cells per well and co-cultured at 37 °C for 24 h. Subsequently,
the medium was replaced with fresh medium containing
different concentrations of HES@CuP (0, 12.5, 25, 50, 100, 200,
and 400 pg/mL). After 24 h of co-incubation, cells were washed
twice with PBS and analyzed using the standard protocol of
MTT assay.

To further evaluate the in vitro photothermal cytotoxicity of
HES@CuP-D, A549 cells were treated with PBS, DOX, HES@-
CuP, or HES@CuP-D (equal HES@CuP concentration: 200 pg/
mL) for 12 h. Afterward, cells in the laser-required groups were
exposed to an 808 nm laser with a power density of 1.38 W/cm?
for 6 min and continued to be incubated for 24 h. Finally, the
cells were washed twice with PBS and cell viability was
measured according to the standard protocol of MTT assay.

2.10. Intracellular -OH generation

A549 cells (2 x 10° cells per dish per well) were seeded in
confocal dishes and incubated for 24 h. Then PBS, HES@CuP,
or HES@CuP-D was added to the cells and co-incubated for
12 h. Cells in laser-treated groups were irradiated with 808 nm
laser (1.38 W/cm?) for 6 min. All cells were replaced with DMEM
containing 2',7’-dichlorofluorescin diacetateb (DCFH-DA, 10
uM) and incubated for 30 min. Then, cells were washed three
times with PBS, and analyzed using flow cytometer and visual-
ized by Confocal Laser Scanning Microscope (CLSM, FV3000,
Olympus, Japan).
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2.11. Mitochondrial membrane potential

Mitochondrial membrane potential assay was conducted by JC-
1 probe. A549 cells were seeded in confocal dish (2 x 10° cells
per dish) and incubated overnight. Then, the cells were treated
with PBS, HES@CuP, or HES@CuP-D for 12 h. After that, the
cells in laser groups were exposed to 808 nm laser irradiation
(1.38 W/em?®) for 6 min. The cells were stained with JC-1 dye for
15 min, and the images were acquired by CLSM.

2.12. Statistical analysis

All statistical analyses were used GraphPad Prism. The results of
statistical analysis were presented as mean + SD. Statistical
significance was calculated by one-way ANOVA analysis. The
statistical significance was defined as *p < 0.05; **p < 0.01; ***p
< 0.001.

3. Results and discussion

HES@CuP, a novel Fenton nanomedicine, was prepared via
one-step oxidation polymerization using pharmacodynamic
component CuCl, as the oxidant, safety-approved HES as the
stabilizer, and pyrrole as the polymer monomer. The trans-
mission electron microscopy (TEM) images at low magnifica-
tion revealed that the obtained HES@CuP had a spherical
morphology with uniform size and good dispersion (Fig. 1A). Its
hydrodynamic particle size and polydispersity index were next
measured to be 102 nm and 0.089, respectively, using the
dynamic light scattering technique (Fig. 1B). To further identify
the structural features and chemical composition of HES@CuP,

View Article Online

Paper

X-ray diffraction (XRD) spectroscopy, X-ray photoelectron spec-
troscopy (XPS), and Fourier transform infrared (FTIR) spectra
were carried out. The amorphous nature and intermolecular
stacking structure of HES@CuP were demonstrated by the
broad characteristic peak in Fig. 1C from 14 to 30°. In terms of
XPS detection, C, N, O, and Cu elements were all observed in
HES®@CuP, initially confirming that the PPy structure (repre-
senting C and N elements), the co-doping of HES (representing
O element) and Cu ions (representing Cu element) have been
successfully fabricated (Fig. 1D). More importantly, the high-
resolution XPS spectra of Cu 2p revealed its monovalent and
divalent Cu states, with two peaks at 932.55 eV and 934.48 eV
associated with the Cu 2p;/, of Cu™ and Cu®", respectively, and
the other peaks at 952.20 eV and 954.30 eV corresponded to the
Cu 2py,, of Cu” and Cu®', respectively (Fig. 1E). The ratio of Cu*
to Cu** in prepared HES@CuP was determined to be 2.6:1. In
addition, the characteristic peaks appearing at 1521, 1423,
1289, and 1148 cm ™' in the FTIR spectra of HES@CuP belonged
to the C=C, C-N, C-H, and C-C stretching vibrations in the
typical PPy framework, respectively, which indicated the pres-
ence of the intact chemical structure of PPy in HES@CuP
(Fig. 1F). Meanwhile, the absorption peak at 1008 cm ™" was
assigned to the stretching vibration of C-O in the HES structure,
further demonstrating the successful doping of HES during the
polymerization process.

The most commonly administered broad-spectrum anti-
tumor drugs, DOX, was then coupled to HES@CuP by m-m
stacking and electrostatic interaction, ultimately yielding
HES@CuP-D. The TEM images in Fig. 2A revealed that DOX
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Fig.1 (A) TEMimage and (B) hydrodynamic particle size of HES@CuP. (C) XRD, (D) full XPS, (E) high-resolution Cu 2p XPS, and (F) FTIR spectra of

HES@CuP. The triangles and rectangles represented the characteristic absorption peaks of PPy and HES, respectively.
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loading had no discernible impact on the morphology or TEM
size of nanoparticles, while the surface zeta potential of
HES@CuP-D increased from —38.35 eV to 27.78 eV (Fig. 2B).
The optical properties of HES@CuP and HES@CuP-D were
evaluated using UV-vis-NIR spectrometry. As shown in Fig. 2C,
HES@CuP revealed a strong and broad absorbance from vis to
NIR. Following DOX loading, a distinctive DOX absorption peak
at 480 nm was found in HES@CuP-D, with concentration-
dependent increase of absorption singal (Fig. 2D and E). The
loading capacity of DOX was calculated to be 22.2%. Further-
more, HES@CuP-D demonstrated good stability and dis-
persibility over a period of 7 days in a variety of physiological
media, including pure H,0, PBS, and DMEM (Fig. 2F).

To investigate the photothermal property, Fenton catalytic
activity, hyperthermia-accelerated release and degradability of
HES@CuP-D, the corresponding temperature monitoring, -OH
generation, and TEM images were performed. Initially, the
photothermal conversion efficiency was assessed by monitoring
the real-time temperature variations of HES@CuP or
HES@CuP-D under 808 nm laser irradiation, with pure H,O as
a control. As revealed in Fig. 3A and B, the temperature of
HES@CuP and HES@CuP-D increased rapidly with the elevated
concentrations and extended irradiation time, rising to 57.77
and 55.60 °C within 10 min at a concentration of 200 pug/mL,
respectively. Under tha same settings, however, pure H,O
showed a negligible temperature change. Moreover, a laser
power-dependent temperature increase of HES@CuP-D was
also observed in Fig. 3C. Within five switching cycles of 808 nm
laser irradiation, HES@CuP-D displayed similar heating and
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cooling temperature profiles, demonstrating its excellent pho-
tostability (Fig. 3D). According to the single photothermal
heating and cooling curve in Fig. 3E, the thermal time constant
(ts) and photothermal conversion efficiency (1) of HES@CuP-D
was calculated to be 126.74 and 19.15%, respectively. All of the
preceding findings suggested that HES@CuP-D was a powerful
photothermal agent capable of causing PTT on malignancies.
After that, the Fenton catalytic activity of HES@CuP-D with
or without 808 nm laser irradiation was investigated at different
H,0, concentrations using the methylene blue (MB) indicator.
Fig. 3F revealed that increasing the H,O, concentration resulted
in increased MB degradation, suggesting the production of -OH
and satisfactory Fenton catalytic activity of HES@CuP-D. In
contrast, following laser exposure, the degradation of MB was
further increased at the same H,0, concentration (5 mM),
indicating that the induced hyperthermia effect could boost the
Fenton catalytic process. The electron spin resonance (ESR)
measurements presented the similar outcomes with MB
degradation experiments, further confirming the hyperthermia-
enhanced Fenton reaction and -OH generation (Fig. 3G). The
DOX released from HES@CuP-D was then analyzed in PBS
solution under various H,0, conditions. As shown in Fig. 3H,
the quantity of DOX released after 48 h incubation was only
15.94% in the absence of H,0,, but rose to 34.26% and 59.61%
in the presence of 1 mM H,0, and 5 mM H,O0,, respectively,
suggesting the H,0, concentration-dependent release behavior
of DOX. Impressively, the simultaneous stimulation of an
808 nm laser and 5 mM H,0, dramatically boosted DOX release
to 71.57% in equal incubation time, which was attributed to
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Fig. 3 Temperature change curves of (A) HES@QCuP or (B) HES@CuP-D at various concentrations (0, 100, 200, and 300 pg/mL) under 808 nm
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bar: 50 nm.

hyperthermia-accelerated release. Meanwhile, TEM character-
ization was also used to investigate the hyperthermia-
accelerated degradability of HES@CuP-D. After 12 h of incu-
bation without H,0,, the structure and morphology of
HES@CuP-D remained relatively intact while the structural
collapse and dissolution of HES@CuP-D gradually deteriorated
after 12 h of incubation in 1 mM H,0, and 5 mM H,0, (Fig. 31).
Consistent with the DOX release experiment, 5 mM H,O, plus
laser induced the strongest biodegradation.

The anticancer effects of HES@CuP-D were then investigated
at the cellular level due to its good photothermal property and
Fenton catalytic activity, as well as hyperthermia-accelerated
release and degradability. First, the cytotoxicity of HES@CuP
against normal cells (3T3 cells) and cancer cells (A549 cells) was

8450 | RSC Adv, 2024, 14, 8445-8453

examined using MTT assay. As seen in Fig. 4A, HES@CuP
exhibited negligible cytotoxicity on 3T3 cells even at a relatively
high concentration of 400 ug/mL. Conversely, HES@CuP caused
concentration-dependent cell death in A549 cells, which might
be due to the presence of a mature antioxidant system in
normal cells but overexpressed H,0, in tumor cells. It is note-
worthy that the viability of A549 tumor cells further decreased
following treatment with HES@CuP-D and reached a nadir
when treated with HES@CuP-D+L, which well confirmed the
hyperthermia-enhanced Fenton catalytic activity and synergistic
antitumor effect (Fig. 4B). Moreover, the synergistic strategy of
chemotherapy and Fenton therapy was more effective than the
effectiveness of any single therapy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Relative cell viabilities of 3T3 and A549 cells after treatment with different concentrations of HES@CuP. (B) Relative cell viabilities of
A549 cells after receiving different treatments. (C) CLSM images of intracellular -OH level in A549 cells after receiving different treatments, scale
bar: 20 um. (D) CLSM images of mitochondrial membrane potential in A549 cells after different treatments, scale bar: 20 um. (E) Flow cytometry
of intracellular -OH level in A549 cells after receiving different treatments. Statistical significance was calculated by one-way ANOVA analysis. *P

< 0.05, **P < 0.01, ***P < 0.001.
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To explore the therapeutic mechanism of HES@CuP-D, 2/,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) and mito-
chondrial membrane potential detection probe (JC-1) were
adopted to assess the intracellular -OH generation and mito-
chondrial function. As shown in Fig. 4C, A549 cells treated with
HES@CuP or HES@CuP-D alone showed a modest -OH gener-
ation in comparison to the control group, which was attributed
to the Fenton-like effect. However, HES@CuP-D with 808 nm
laser irradiation resulted in the highest intracellular -OH
generation, reconfirming hyperthermia-enhanced Fenton cata-
lytic activity, which was responsible for the potent tumor killing.
This phenomenon was reconfirmed by corresponding flow
cytometry results in Fig. 4E. Consistent with the intracellular
-OH change, the red-to-green fluorescence intensity ratio
dramatically dropped and red fluorescence was hardly visible,
suggesting severe mitochondrial damage (Fig. 4D).

4. Conclusions

In this work, we have presented a biocompatible and biode-
gradable HES@CuP by one-step synthesis method using safety-
approved HES as a novel stabilizer and CuCl, as an oxidant,
which was whereafter utilized to be a carrier encapsulating DOX
for hyperthermia-accelerated drug release and Fenton catalytic
damage to lung cancer cells. Because of the doping of polyvalent
Cu ions, the resulting HES@CuP-D catalyzed the generation of
-OH from overexpressed H,0, in tumor cells, which leaded to
oxidative damage and even tumor cell death, while exhibiting
insignificant toxicity to normal cells. Concomitantly, its nano-
morphology and chemical structure disintegrated, allowing
cargo DOX to be released and exert antitumor effect. More
importantly, those processes are further facilitated by the laser-
induced hyperthermia effect, ultimately resulting in severe
oxidative damage and tumor cell death. Collectedly, the
HES@CuP-D developed here not only provides an efficient
approach for preparing hetastarch-stabilized PPy but also opens
up a new avenue for the clinical design of prospective nano-
medicines with safety-approved compositions.
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