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Multifunctional nanoplatforms with the synergistic effects of multiple therapeutic modalities have
become a research focus due to their superior anti-tumor properties over single therapeutic modal-
ities. Herein, we developed around 14 nm porous hollow copper iron oxide nanoparticles
(PHCuFeNPs) with pore sizes of around 2-3 nm as a cisplatin carrier and photothermal therapeutic
agent. The PHCuFeNPs were synthesized via a galvanic reaction between Cu,S nanoparticles and iron
pentacarbonyl (Fe(CO)s) followed by etching in the organic phase to make the pores. They were
stable under normal physiological conditions, but the pores were etched in a weak acidic tumor
microenvironment, resulting in the controlled release of Cu and Fe ions for enhanced chemodynamic
therapy and accelerated cisplatin release for chemotherapy. Under 980 nm laser irradiation, the

PHCuFeNPs could effectively heat up to further promote the release process for synergistic therapy.
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Besides, they were proved to mediate immunogenic cell death to activate the immune system for
potential immunotherapy. Together with their ability to degrade into fragments for fast renal metab-
olism, we believe that these PHCuFeNPs could provide a biocompatible and efficient multi-antitumor
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Introduction

Cancer has been a major leading cause of human death over
decades." Various cancer treatments have been developed such
as surgery, chemotherapy, radiotherapy, immunotherapy, and
so on, but still challenges are faced such as side effects and
recurrences.”” The emergence of nanotechnology has provided
various nanoplatforms with multiple therapeutic modalities
integrated in a synergistic way for more efficient therapy.’
Porous hollow inorganic nanomaterials with intrinsic thera-
peutic functionalities have attracted much attention as delivery
systems for therapeutic agents.®” Mesoporous silica nano-
particles (NPs) are well-known delivery systems with finely
tuned porosity for multi-drug loading.®® However, the control
of the drug release is majorly dependent on the functionality
of their surface coating."®"" Porous hollow gold or palladium
NPs with intrinsic photothermal capability have also been
used as drug carriers."”®™® The heat generated upon laser
irradiation not only could accelerate the drug release in a more
controllable manner, but also showed synergism with chemo-
therapy.'” Nevertheless, the nonbiodegradability of noble
metals raised concerns about their long-term biosafety."?
Porous hollow CuS NPs with not only efficient heat generation
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ability, but also excellent biodegradability are more favorable.®
But, the current template-assisted synthesis method could not
guarantee a uniform morphology and the product is usually
over one hundred nanometres in size.

Galvanic replacement reactions provide a powerful tool to
synthesize noble metal or metal oxide hollow
nanostructures.””'® Seed-mediated growth in organic solvents
allows precise control of the size, shape, and composition of
nanocrystals."® Here, we synthesized around 14 nm porous
hollow copper iron oxide nanoparticles (PHCuFeNPs) with
2-3 nm pores via the galvanic reaction between Cu,S NPs and
iron pentacarbonyl (Fe(CO)s;) followed by etching at high temp-
erature to make pores. We previously reported porous hollow
iron oxide nanoparticles,”>*! which were able to load cisplatin
drugs and stay stable under normal physiological conditions
after surface modification with polyethylene glycol, but result-
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ing in accelerated cisplatin release in a weak acidic tumor
microenvironment due to the pore etching. Similarly, these
PHCuFeNPs also demonstrated a pH-responsive drug release
behaviour but were more sensitive to weak acids due to their
unstable copper valence and more defective crystals created
during the galvanic reaction. The copper release was up to
37.9% and could effectively catalyze the reaction of hydrogen
peroxide to produce hydroxyl radicals (-OH) for chemodynamic
therapy. Besides, the PHCuFeNPs retained the absorption in
the near-infrared region and could effectively heat up upon
980 nm laser irradiation. We also observed immunogenic cell
death (ICD) induced by PHCuFeNPs to activate the immune
system. Therefore, we believe that these PHCuFeNPs could
combine multi-antitumor therapeutic approaches in a syner-
gistic way (Scheme 1). Their ability to degrade into fragments
for fast renal clearance also guarantees biosafety.
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Scheme 1 (a) Schematic illustration of the preparation of cisplatin-loaded PHCuFeNPs (PHCuFeNPs/Pt). (b) The proposed trimodal chemo-, che-

modynamic-, photothermal anti-tumor therapy based on PHCuFeNPs/Pt.
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Experimental section

Materials

Copper(n) chloride dihydrate (CuCl,-2H,0), sulfur (S),
ammonium bromide (NH4Br), iron pentacarbonyl (Fe(CO)s),
1-octadecene (ODE, 90%), oleylamine (OAm, 70%), oleic acid
(0A, 70%), benzyl ether (BE, 98%), cisplatin and 4,4'-diamino-
3,3',5,5"-tetramethyl biphenyl (TMB) were purchased from
Sigma-Aldrich. Cy7 dye was purchased from RuixiBio Tech.
2',7"-Dichlorodihydrofluorescein diacetate (DCFH-DA), 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT),
RPMI 1640 medium, and trypsin were purchased from KeyGen
Biotech. Calreticulin antibody was purchased from Proteintech
Group, Inc. IFN-y, IL-6, and TNF-a enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from Cloud-clone
corp.

The transmission electron microscopy (TEM) images were
obtained on a JEOL JEM-2100f. The hydrodynamic size was
measured using a Malvern Zetasizer Nano ZS90. The X-ray
diffraction pattern was recorded using the ARL XTRA diffract-
ometer. X-ray photoelectron spectroscopy (XPS) was performed
using the Kratos Model Axis Supra system. The concentration
of each element was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent 700
Series).

Synthesis of PHCuFeNPs

Cu,S NPs were synthesized by a previously reported method.>>
Briefly, CuCl, which was dissolved in 30 mL of octadecene and
5 mL of oleylamine was reacted with a sulfur solution in the
presence of 5 mL of octadecene. After being maintained at
120 °C for 1 h, 0.05 mmol sulfur solution was injected and
quickly heated to 180 °C for another 1 h. The as-prepared Cu,S
NPs were purified by centrifugation.

To synthesize hollow copper iron oxide nanoparticles
(HCuFeNPs), 30 mg of Cu,S NPs were mixed with 8 mg of
ammonium bromide, 10 mL of octadecene, and 0.3 mL of oley-
lamine. After being maintained at 120 °C for 1 h, 0.1 mL of Fe
(CO)s was injected quickly and the system was further heated
to 180 °C at a rate of 1 °C min~". The solution was maintained
at this temperature for an additional 30 min before it was
cooled down to room temperature. The as-synthetic HCuFeNPs
were precipitated with ethanol and purified by centrifugation.

The pore-opening process followed a reported method.>°
Briefly, 30 mg of HCuFeNPs were mixed with dibenzyl ether in
the presence of oleylamine and oleic acid before being heated
to 120 °C and maintained for 0.5 h. Then, the system was
heated to 260 °C for another 1 h. The product was washed
with ethanol and purified by centrifugation.

Preparation of cisplatin-loaded PHCuFeNPs

The drug loading process was reported before.’ Briefly, 20 mg
of PHCuFeNPs and 6 mg of cisplatin were dispersed in a
mixture of chloroform and N,N-dimethylformamide (DMF)
before 60 mg of DOPA-PEG;,0, was added. After overnight stir-
ring and vacuum drying, -cisplatinloaded PHCuFeNPs

3190 | Nanoscale, 2023, 15, 3188-3198

View Article Online

Nanoscale

(PHCuFeNPs/Pt) were dispersed in water and purified using
PD-10 columns.

Photothermal measurements

To examine the photothermal properties of PHCuFeNPs,
different concentrations of NPs (12.5, 25, 50 and 100 pg mL ™)
were irradiated with a 980 nm laser at different powers (1-2 W
ecm™?), and the temperature was recorded using an infrared
thermal imager (FLUKE Ti400, USA) every 20 s. The thermal
stability was tested by repeatedly irradiating the samples five
times.

Cu, Fe and Pt drug release measurements

Cu,S, HCuFeNPs, PHCuFeNPs and PHCuFeNPs/Pt (2 mg mL™*
Cu, 1 mL) were respectively added into a dialysis bag (MCWO:
500 Da) and immersed in a 50 mL centrifuge tube filled with
20 mL of PBS (pH 7.4 or pH 5.5). 1 mL of PBS was taken at
different time points and replaced with 1 mL of fresh PBS. The
concentrations of Cu, Fe, and Pt were detected by ICP-OES.

Hydroxyl radical generation measurement

The TMB assay was used to evaluate the -OH generation.
Briefly, 100 pg mL™" nanoparticles, 200 pg mL™' TMB, and
80 mM H,0, were mixed in PBS buffer (pH 7.4 or pH 5.5) at
37 °C for 15 min, and then the absorbance from 350 to
800 nm was measured using an ultraviolet spectrophotometer
(Multiskan Sky, Thermo Fisher Scientific).

In vitro cytotoxicity assay and intracellular ROS measurement

Murine mammary carcinoma cells (4T1) and human normal
liver cells (L02) were seeded in 96-well plates (1 x 10* cells per
well) for 24 h. Then, the cells were respectively treated with
Cu,S, PHCuFeNPs, or PHCuFeNPs/Pt at different concen-
trations (3.13, 6.25, 12.5, 25, 50 and 100 pg mL_i) for 18 h
before either with or without irradiation with a 980 nm laser
(1.5 W ecm™?) for 10 min. After incubation for another 6 h, the
cell viability was tested by the MTT assay.

For the intracellular ROS measurement, 4T1 cells were seeded
in 6-well plates. A 980 nm laser was used to irradiate the cells
with PHCuFeNPs, or PHCuFeNPs/Pt (20 pg mL™") for 10 min,
and the cells were incubated for another 6 h and stained with
10 pM DCFH-DA for 20 min. After being washed with PBS, the
cellular images were recorded by fluorescence microscopy.

In vitro detection of calreticulin (CRT) expression

The cells were then labeled with the Alexa Fluor 488-CRT anti-
body and the nuclei were stained with DAPI. Finally, the cells
were washed with PBS twice and the fluorescence was recorded
by fluorescence microscopy.

In vivo antitumor experiments

Balb/c mice (female, 4-5 weeks old) were purchased from
Qinglongshan (Nanjing, China). Animal procedures were per-
formed according to the Guidelines for Care and Use of
Laboratory Animals in research of China Pharmaceutical
University and approved by the Ethics Committee of China

This journal is © The Royal Society of Chemistry 2023
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Pharmaceutical University. The 4T1 tumor-bearing mice were
established by injecting subcutaneously 2 x 10° 4T1 cells into
the right hind legs. When the tumors reached 100 mm?®, the
mice were randomly divided into five groups: (a) PBS group,
(b) PHCuFeNPs group, (c¢) PHCuFeNPs/Pt group, (d)
PHCuFeNPs + laser group, and (e) PHCuFeNPs/Pt + laser
group. The PHCuFeNPs or PHCuFeNPs/Pt (250 pg kg~" Cu) were
injected intratumorally before being irradiated with a 980 nm
laser (1.5 W em™?) for 10 min. The tumor volume was calculated
according to the formula: volume = (length x width®/2). Seven
days after different treatments, the mouse serum was collected
to determine the content of IFN-y, TNF-a, and IL-6 using an
ELISA kit. The tumor sections were collected for immunological
assessment. Fourteen days after treatments, the tumor sections
were collected for hematoxylin/eosin (H&E) and the terminal
dUTP-mediated nick-end-labeling (TUNEL) staining.

In vivo biodistribution and biosafety studies

To trace the biodistribution of PHCuFeNPs, the near-infrared
fluorescence dye sulfo Cy7-NHS was conjugated onto
PHCuFeNPs via reacting with the dopamine-PEG,y00~NH,.
After intratumoral injection, the fluorescence signal was
detected at different time points using a fluorescent biological
image analysis system, Tanon 4600SF (Tianneng, China). The
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urine was collected at different time points for copper quantifi-
cation via ICP-OES.

To determine the biosafety of PHCuFeNPs/Pt, the blood of
mice after treatment was collected for blood routine tests and
blood biochemistry tests at Servicebio Company. The major
organs (the heart, liver, spleen, lungs and kidneys) were col-
lected for H&E staining.

Statistical analysis

All data were expressed as the mean + standard deviation (SD).
One-way ANOVA was used for the statistical analysis using
Graphpad prism 9, and p-value < 0.05 (*P < 0.05, **P < 0.01,
***P < 0.001) was considered statistically significant.

Results and discussion

Synthesis and characterization of porous hollow copper iron
oxide nanoparticles

The hollow copper iron oxide nanoparticles (HCuFeNPs) were
prepared via the galvanic reaction between Cu,S NPs and Fe
(CO)s. The solid spherical Cu,S NPs with a uniform size of
around 12 nm were synthesized following a previously reported
method (Fig. 1a).>”> Upon adding 0.05 mL of Fe(CO)s, small
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Fig. 1 (a—c) TEM images of Cu,S before (a) and after the reaction with 0.05 mL Fe(CO)s (b) and 0.1 mL Fe(CO)s (c). Scale bar: 20 nm. (d) XRD pat-
terns of Cu,S, Cu,S reacted with 0.05 mL and 0.1 mL Fe(CO)s and PHCuFeNPs. (e) UV absorption spectra of Cu,S, Cu,S reacted with 0.04 mL,
0.06 mL and 0.08 mL Fe(CO)s and PHCuFeNPs. (f—h) XPS of HCuFeNPs. (i) STEM-EDS mapping of PHCuFeNPs. Scale bar: 20 nm. (j) TEM images of
PHCuFeNPs. Scale bar: 5 nm. (k—1) TEM images of PHCuFeNPs incubated at pH 7.4 (k) and pH 5.5 (1) at 37 °C for 8 h. Scale bar: 20 nm.
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voids could be observed in some NPs as shown in Fig. 1b.
Continuous addition of Fe(CO)s led to larger voids and almost
all the NPs showed hollow structures when 0.1 mL of Fe(CO)s
was added (Fig. 1c). The asymmetric voids indicated that the
etching started from one side, which is consistent with the pre-
vious report.”> The X-ray diffraction (XRD) pattern demon-
strated the presence of the CusFeS, phase upon subjecting
Cu,S to a small amount of Fe(CO)s, which was further con-
verted to the CuFe,O, phase when a complete hollow structure
was observed upon subjecting it to a large amount of Fe(CO)s
(Fig. 1d). The UV-vis spectrum was also obtained to study the
reaction process (Fig. 1e). Upon gradual addition of Fe(CO)s,
the absorption peak of Cu,S at around 1000 nm was decreased
correspondingly, which further confirmed the gradual crystal
phase conversion. X-ray photoelectron spectroscopy (XPS) was
also used to study the composition of complete hollow NPs. As
shown in Fig. 1f-h, the binding energy (EB) values for Cu (2p)
showed two peaks at around 931.35 eV and 951.22 eV, corres-
ponding to the orbitals of Cu 2p;/, and Cu 2p;/,, and no satel-
lite peaks were detected (Fig. 1h), indicating that copper was
in the Cu(1) or Cu(0) valence. The Fe 2p spectrum also showed
two peaks at 709.78 eV and 723.08 eV, corresponding to the
orbitals of Fe 2p;/, and Fe 2p,,, indicating a mixture of Fe(u)
and Fe(ur) (Fig. 1g). A small peak of S (Fig. 1f) was also
observed, indicating that the HCuFeNPs might not be comple-
tely converted, but with the CuFe,O, phase dominating.

The PHCuFeNPs were then obtained by heating HCuFeNPs
rapidly to 260 °C in the presence of oleic acid. This strategy
has been reported before to make pores on hollow iron oxide
structures.”® It is believed that the uneven growth of the crystal
domain in the shell structure could lead to the formation of
porous shells. As shown in Fig. 1j, the PHCuFeNPs had a cavity
of around 5-6 nm in diameter, an uneven shell and around
2 nm pores in the shell. The XRD pattern (Fig. S1bt) and XPS
(Fig. S2a-ct) results confirmed that the pore-opening process
did not change the crystal phase with the characteristic peaks
similar to that of HCuFeNPs (Fig. 1f-h and Fig. S1af). The
STEM-energy dispersive (EDS) elemental mapping of
PHCuFeNPs is shown in Fig. 1i, with a uniform distribution of
Cu, Fe and O around the NPs. The UV absorption of
PHCuFeNPs still demonstrated a small peak at around
1000 nm (Fig. 1e), indicating the possibility for near-infrared
light-induced photothermal therapy. The as-prepared
PHCuFeNPs were coated with oleylamine/oleic acid which is
hydrophobic. After replacing the original ligand with dopa-
mine-polyethylene glycol (DOPA-PEG), they became water dis-
persible with a hydrodynamic size of around 21 nm (Fig. S37).
The modified PHCuFeNPs stayed integrated with no obvious
morphology change after incubation at pH 7.4 (Fig. 1j and k),
but were sensitive to acid etching and completely cracked after
incubation at pH 5.5 for 8 h (Fig. 11).

In vitro photothermal properties, controlled drug release and
ROS production

The PHCuFeNPs demonstrated a concentration- (Fig. 2a) and
laser power- (Fig. 2b) dependent temperature increase upon
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980 nm laser irradiation. As shown in Fig. 2a, after irradiating
at 1.5 W cm > for 10 min, the temperature of PHCuFeNPs
quickly increased to over 70 °C at a concentration of 100 pg
mL™", which is more effective than Cu,S NPs (to 65 °C,
Fig. S4af) at the same concentration of Cu, probably due to
the additional iron component. Besides, the temperature
increase of PHCuFeNPs did not change significantly during
the five hot-cold cycles (Fig. S4bt), indicating their excellent
photothermal stability.

We then investigated the drug delivery capability of
PHCuFeNPs. We used cisplatin, a clinical anticancer drug with
poor water solubility, as a model and followed a reported
method.?® Briefly, cisplatin was first mixed with PHCuFeNPs
in the organic phase and then loaded into the cavity upon a
concentration gradient created by evaporation, before being
wrapped by the dopamine-PEG,z,, polymer, to produce
PHCuFeNPs/Pt. The loading efficiency is calculated to be
32.68% as measured by inductively coupled plasma atomic
emission spectrometry (ICP-OES).

The Fe ions, Cu ions and Pt release were then monitored
at different pH values. As shown in Fig. S5, Cu,S NPs
release copper ions of about 9.37% at pH 5.5. In comparison,
the release of copper from PHCuFeNPs was around 12% at
pH 7.4 and significantly increased to 21.27% at pH 5.5
within 24 h (Fig. 2c). The Fe ion release was also increased
from 4.18% at pH 7.4 to 7.63% at pH 5.5 (Fig. 2d). It is
worth mentioning that porous hollow iron oxide nano-
particles (PHIONPs) with a similar size also demonstrated a
slight increase of iron release (3.1%) at pH 5.5 compared to
that (1.6%) at pH 7.4 due to the acidic etching induced
degradation.> We assumed that when the PHCuFeNPs went
through a similar etching process, the galvanic reaction
between Fe(0) and Cu,S provided an unstable copper valence
and more defective crystal structures, which made Fe and Cu
more sensitive to pH. We also observed an accelerated cispla-
tin release at pH 5.5 due to the pore etching process
(Fig. 2e). What’'s more, the heat generated by the external
laser application further promoted the etching process and
release of cisplatin. A sudden increase in release of Fe, Cu
and Pt was observed upon laser irradiation (980 nm, 1.5 W
em™?) for 5 min (Fig. 2c-e). It is worth mentioning that the
following second and third laser irradiation did not cause a
burst release as the first time did. It might be because the
heat generated during the first laser irradiation already
caused nanoparticles to crack.

Copper and iron ions are well-known catalytically active
ions in the Fenton reaction to decompose hydrogen peroxide
(H,0,) into -OH.>*?® We then tested the reactive oxygen
species (ROS) production of PHCuFeNPs via the 3,3',5,5-tetra-
methylbenzidine (TMB) assay. As shown in Fig. 2f, in the pres-
ence of H,0,, Cu,S NPs could barely change the TMB colour,
while PHCuFeNPs significantly increased the absorption at
652 nm, indicating the production of ROS. The higher catalytic
activity of PHCuFeNPs was observed at pH 5.5 than that at pH
7.4, confirming their catalytic selectivity in a weak acidic
microenvironment.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) The temperature increase curves of PHCuFeNPs at different concentrations (0, 12.5, 25, 50 and 100 pg mL™) upon laser irradiation
(980 nm, 1.5 W cm™2) for 10 min. (b) The temperatures of PHCuFeNPs at 25 pg mL™ under laser irradiation with different powers (1.1, 1.3, 1.5, 1.7, 1.9
W cm™2). (c—e) Cu ion (c), Fe ion (d) and cisplatin (e) release from PHCuFeNPs/Pt at pH 7.4, pH 5.5 and pH 5.5 under 980 nm laser irradiation. Arrow:
irradiated. Data represent mean + SD, n = 3. (f) UV/vis absorption of 3,3',5,5'-tetramethylbenzidine (TMB) solution after mixing with Cu,S and

PHCuFeNPs in 15 min.

In vitro anti-tumor experiments

The synergistic therapeutic effect of PHCuFeNPs/Pt was then
studied on 4T1 cells. Copper and iron ions are known to be
toxic to cells at high concentrations.?””*® Cu,S NPs which had
negligible copper release showed excellent biocompatibility
with nearly all the cells viable after being treated with a con-
centration of up to 100 pg mL™" copper for 24 h (Fig. 3a). In
comparison, the PHCuFeNPs showed obvious dose-dependent
cytotoxicity in 4T1 cells with over 43% killed at a concentration
of 100 pg mL™" Cu. Since the PHCuFeNPs showed a similar
iron release to that of PHIONPs, and we previously proved that
PHIONPs killed no cells at a concentration of 100 pg mL™"
Fe,”" we assumed that the toxicity was mainly ascribed to
copper. It is worth mentioning that like many other NPs with
Fenton catalytic activity, the PHCuFeNPs demonstrated intrin-
sic selectivity between tumor cells and normal cells. The half
maximal inhibitory concentration (ICs,) of PHCuFeNPs in 4T1
cells was around 50 pg mL™" Cu and 28 ug mL™" Fe, which was
much lower than that in normal liver cells L02 (Fig. 3b).

The PHCuFeNPs/Pt + laser treatment demonstrated a syner-
gistic therapeutic effect of chemodynamic therapy, photother-
mal therapy and chemotherapy (Fig. 3c). As shown in Fig. 3a,
when the cell viability reached 43.98% after being treated with
PHCuFeNPs for chemodynamic therapy, the cell viability was

This journal is © The Royal Society of Chemistry 2023

down to 27% after being treated with PHCuFeNPs/Pt (Cu:
100 pg mL™", Fe: 56 pg mL™", cisplatin: 29 pg mL™") with the
help of cisplatin chemotherapy. Laser irradiation (980 nm, 1.5
W cm™2, 10 min) further enhanced the anticancer effect with
only 9.09% cell viability after treatment with PHCuFeNPs/Pt +
laser.

We then investigated the ROS production level in 4T1 cells
after different treatments using the 2',7'-dichlorofluorescein
diacetate (DCFH-DA) probes.”® After cellular uptake, DCFH-DA
was acetylated and reacted with ROS to produce green fluo-
rescence. As shown in Fig. 3d and f, the cell treated with
PHCuFeNPs showed enhanced green fluorescence compared
with that treated with PBS, confirming their chemodynamic
activity. Delivering cisplatin or heating by irradiation could
further promote the ROS level. The cells treated with
PHCuFeNPs/Pt + laser demonstrated the highest green fluo-
rescence, confirming that integrating CDT, PTT and chemo-
therapy could produce more ROS in a synergistic way.

It is generally known that ROS can induce immunogenic
cell death (ICD) which could further activate the immune
system to fight cancer.’®?' We then investigated the ICD
induced by different treatments by measuring the calreticulin
(CRT) expression. CRT is a widely used indicator of ICD and is
transferred to the surface of the tumor cell membrane from
the endoplasmic reticulum during ICD. As shown in Fig. 3e
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Fig. 3 (a) Cell viability of 4T1 cells after different treatments for 24 h. Groups: Cu,S NPs, PHCuFeNPs, PHCuFeNPs/Pt, PHCuFeNPs + laser and
PHCuFeNPs/Pt + laser. (b) Cell viability of LO2 cells after being treated with PHCuFeNPs. (c) The schematic diagram of the synergistic killing of
tumor cells by PHCuFeNPs/Pt + laser. (d) Fluorescence imaging of 4T1 cells stained with DCFH-DA after 6 h with or without 980 nm laser irradiation,
and (f) the corresponding pixel intensity of green fluorescence, indicating the ROS level. Scale bar: 100 pm. (e) Immunofluorescence images of 4T1
cells labeled with the Alexa-488-anti-CRT antibody after different treatments and (g) the corresponding pixel intensity of green fluorescence, indi-
cating the CRT expression. Scale bar: 100 pm. Data represent mean + SD, n = 3. **P value < 0.01, ***P value < 0.001.

and g, the CRT expression after being treated with with PHCuFeNPs/Pt, and 1.65 times higher than that treated
PHCuFeNPs/Pt + laser was 3.45 times higher than that treated with PHCuFeNPs + laser. Overall, we believed that the
with PHCuFeNPs only, 1.67 times higher than that treated PHCuFeNPs could serve as a cisplatin delivery system, a copper
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and iron ion source and a photothermal agent to significantly
promote ROS production to kill cancer cells and induce ICD
for potential immunotherapy.

In vivo anti-tumor effect

We then studied the in vivo therapeutic effectiveness of
PHCuFeNPs/Pt for chemodynamic-, photothermal- and
chemo-trimodal anti-cancer therapy in 4T1 tumor-bearing
mice. When the tumor grew to 100 mm?, the mice were
divided randomly into five groups: (1) PBS, (2) PHCuFeNPs, (3)
PHCuFeNPs/Pt, (4) PHCuFeNPs + laser, and (5) PHCuFeNPs/Pt
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+ laser. We injected the nanoplatforms (Cu, 5 pg; Fe, 2.8 pg; Pt,
1.45 pg) intratumorally to make sure a better control of NPs
dosage for comparison.

The local tumor region was then irradiated with a 980 nm
laser (1.5 W ecm ™2, 10 min). As monitored using a infrared (IR)
thermal camera (Fig. 4a), the temperature of the tumor
injected with PHCuFeNPs or PHCuFeNPs/Pt had dramatically
increased to over 53 °C; when the tumor was treated with PBS,
the temperature only slightly rose to 41 °C, indicating the
in vivo photothermal effect of PHCuFeNPs (Fig. 4b). The tumor
growth was monitored within 24 days (Fig. 4c and d).
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Fig. 4 (a—b) Photothermal images (a) and the corresponding temperature changes (b) at different points under 980 nm laser irradiation (1.5 W
cm™2, 10 min). Data represent mean + SD, n = 3. (c) The pictures of mice on the Oth, 7th and 14th day after different treatments. (d—e) Relative
tumor volumes (d) and survival curves (e) after different treatments (n = 6). (f) HGE and TUNEL staining of tumors 14 days after different treatments.

Scale bar: 100 pm. **P value < 0.01, ***P value < 0.001.
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Compared with the PBS group, the groups treated with
PHCuFeNPs showed some delay in tumor growth, indicating
the intrinsic anti-tumor capability of PHCuFeNPs.
Combination of both cisplatin delivery and laser irradiation
improved the therapeutic effect to some extent, while the
groups treated with PHCuFeNPs/Pt + laser completely sup-
pressed the tumor. What’s more, no tumor reoccurrence or
mouse death was observed in the PHCuFeNPs/Pt + laser group
within 40 days (Fig. 4e). Meanwhile, no significant body
weight change was observed after the treatments (Fig. S67).
The anti-tumor effect was also confirmed by hematoxylin-
eosin (H&E) staining and terminal dUTP-mediated nick-end-
labeling (TUNEL) staining. As shown in Fig. 4f, the tumor
treated with PHCuFeNPs/Pt + laser had the most necrotic and
apoptotic cells 14 days after the treatment.

Based on the in vitro result that PHCuFeNPs/Pt + laser treat-
ment could significantly induce ICD, we also evaluated its
ability to enhance tumor T cell infiltration in vivo. The immu-
nofluorescence staining results showed much higher popu-
lations of CD4" and CD8" T cells in the tumor after
PHCuFeNPs/Pt + laser treatment than those after all the other
treatments (Fig. 5a). Moreover, we also detected IL-6, TNF-a
and IFN-y which are important cytokines secreted by activated
T cells in serum via ELISA. As shown in Fig. 5b, when only
PHCuFeNPs, PHCuFeNPs/Pt and PHCuFeNPs + laser treatment
all increased these cytokines to some extent, the PHCuFeNPs/
Pt + laser treatment showed the highest immune response
with 1.5-fold IFN-y and TNF-a higher and 7-fold IL-6 higher
than that of the PBS group. All these results indicate that
PHCuFeNPs/Pt + laser could significantly activate the immune
response and could potentially combine with immunotherapy.
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Fig. 5 (a) Immunofluorescence staining of CD4* T cells and CD8* T
cells in the tumor tissue section. Scale bar: 100 pm. (b) Quantification of
TNF-a, IL-6 and IFN-y in serum seven days after different treatments.
Data represent mean + SD, n = 3. *P value < 0.05, **P value < 0.01.
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The biosafety of PHCuFeNPs

The long-term toxicity of nanoparticles is a major concern for
their potential clinical use.?” Renal clearable nanocarriers with
an enhanced body elimination ability have attracted much
attention recently. Our PHCuFeNPs were already proved to be
unstable in a weak acidic microenvironment and could be dis-
integrated into fragments (<8 nm) possible for renal clearance
(Fig. 11). We then conjugated them with Cy7 dye and studied
their in vivo biodistribution by near-infrared fluorescence
imaging. As shown in Fig. 6a, an obvious fluorescence signal
appeared in the bladder 30 min after laser irradiation. We also
collected urine to quantify the copper amount by ICP-OES.
The copper concentration in the urine was the highest within
4 h and gradually reduced over time (Fig. 6b), consistent with
the fluorescence imaging results, which indicated that
PHCuFeNPs could be metabolized into the urine rapidly. It is
worth mentioning that without laser irradiation, the
PHCuFeNPs were eliminated via urine much slower (Fig. S77).
We believed that laser irradiation greatly accelerated the degra-

12h  High

w

N

abdominal
space

Cu ion concentration (ug mL™)
°

4h  Sh 12h 24n
Time (h)

Low

Fig. 6 (a) In vivo mouse imaging after treatment with PHCuFeNPs—Cy7
and (b) Cu ion concentrations in urine under 980 nm laser irradiation
(1.5 W cm2, 10 min). Data represent mean + SD, n = 3. **P value < 0.01.
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Fig. 7 (a) The blood routines and blood biochemistry of healthy mice
without or with PHCuFeNPs/Pt + laser treatment. Data represent mean
+ SD, n = 3. (b) The H&E staining of the major organs (the heart, liver,
spleen, lungs and kidneys) after treatment. Scale bar: 100 um.
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dation of PHCuFeNPs, resulting in fast renal clearance. To
further evaluate the biosafety of PHCuFeNPs/Pt, the mouse
blood samples were collected one day after the treatment for
blood routine and blood biochemistry tests (Fig. 7a). All the
indexes were within the normal range. Besides, the H&E stain-
ing of the major organs (the heart, liver, spleen, lungs and
kidneys) was conducted on the 14th day post-injection
(Fig. 7b) with no inflammatory response observed. Thus, we
believe that the PHCuFeNPs have excellent biocompatibility.

Conclusion

In summary, we synthesized around 14 nm PHCuFeNPs with
5-6 nm cavities and 2-3 nm pore sizes that could serve not
only as a photothermal agent, but also as a drug carrier. The
pores of PHCuFeNPs etched in a weak acidic tumor microenvi-
ronment enabled controlled Cu and Fe ion release, which
could drive the Fenton reaction to accomplish CDT and accel-
erate the cisplatin release to achieve chemotherapy. Upon laser
irradiation, the heat generated by PHCuFeNPs not only rea-
lized effectively PTT, but also stimulated the release process.
The synergizing CDT, PTT and chemotherapy could effectively
inhibit the growth of tumor cells in vitro and in vivo. Besides,
the ICD induced by PHCuFeNPs could activate the T cell-
mediated immune system and achieve complete tumor elimin-
ation by combining with multi-antitumor therapy. Accompanied
by the rapid renal clearance capacity, these PHCuFeNPs integrat-
ing CDT, PTT, and chemotherapy could be a promising biocom-
patible and efficient strategy against cancer.
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