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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) are closely related to innate and adaptive immune responses in tumor immu-

Lanthanide-doped nanoparticles notherapy. ROS-mediated therapies show great hope in improving therapeutic efficacy by inducing immunogenic

ihomther_apy cell death. However, the efficiency is still limited by the poor ROS production rate. Herein, a ROS nanogenerator
erroptosis

is designed to boost antitumor immunity, integrating with pH-dissociable Fe3*-gallic acid (Fe-GA) complex as the
shell and photosensitizer (Chlorin e6, Ce6)-coupled lanthanide-doped luminescence nanoparticles (LnNPs) as the
core. Upon near-infrared (NIR) light irradiation, LnNPs exhibit multiband upconversion emission from ultravi-
olet (UV) to visible (Vis) and downshifting emission in the promising second NIR imaging region (NIR-II, 1550
nm). Especially, the UV photons and reducing agent GA could respectively mediate the reduction of Fe3",
allowing more Fe?* to participate in the Fenton reaction to generate hydroxyl radicals (eOH) for ferroptosis
therapy (FT). Besides, the UV-Vis upconversion emission can activate the coupling photosensitizer-Ce6 to
generate 10, for photodynamic therapy (PDT). Additionally, Fe-GA can serve as a photothermal therapy (PTT)
agent; in turn, hyperthermia enhances ROS generation. Our rational-designed Ln@Fe NPs could not only
enhance the synergistic antitumor efficiency by boosting ROS generation but also effectively inhibit tumor
metastasis by activating strong antitumor immunity, providing a paradigm for imaging-guided cancer treatment.

Immunogenic cell death
NIR-IIb imaging
Oxidative stress

1. Introduction

Immunotherapy provides a new opportunity to prevent tumor
recurrence and metastasis by boosting the innate immune system [1].
Currently, immune checkpoint blockers [2], chimeric antigen receptor-
modified T cells (CAR-T)[3], and tumor vaccines [4] have shown
promising results in cancer immunotherapy. Even so, due to insufficient
immune system activation, immune checkpoint blockade therapy is only
effective for a small proportion of patients [5]. CAR-T therapy has been
reported to induce severe systemic side effects [6]. Additionally, it is
challenging to design a common commercial vaccine due to the differ-
ences in neoantigens between patients [7]. Fortunately, inducing the
immunogenic cell death (ICD) is a promising way to stimulate antitumor
immune response with the release of danger-associated molecular pat-
terns (DAMPs), including surface-exposed calreticulin (CRT), adenosine

* Corresponding authors.

triphosphate (ATP), and high-mobility group protein B1 (HMGB1) from
dying cancer cells [8,9]. It is known that reactive oxygen species (ROS)-
related treatments such as photodynamic therapy (PDT) [10-12] and
ferroptosis therapy (FT) [13] can induce ICD. PDT is a minimally inva-
sive and effective modality to ablate tumors with light irradiation.
Although PDT has rapidly advanced due to its good spatiotemporal
controllability and minimally invasive nature, its therapeutic efficacy is
still unsatisfactory [14]. For example, the limited tissue penetration
depth of the excitation light (i.e., visible) [15,16] and the complex
tumor microenvironment (TME), i.e., hypoxic condition [17], attenuate
the efficacy of O,-dependent traditional PDT [18].

FT, another ROS-related therapy modality, induces cancer cell death
via lipid peroxidation (LPO) accumulation [19,20]. Typically, ROS is
generated based on the Fenton reaction, which converts HyO into hy-
droxyl radical (eOH) with the catalysis of iron ions (Fe*' and Fe3™).
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Additionally, the potential mechanism of ferroptosis does not depend on
external energy and oxygen, which circumvents the limitation of tradi-
tional PDT. However, the efficiency of the Fenton reaction is hindered by
limited intracellular iron ion content and overexpressed antioxidants (e.
g. GSH). Therefore, amplifying the intracellular oxidative stress and
breaking the redox homeostasis is necessary to improve ROS-related
treatment.

Recently, lanthanide-doped luminescence nanoparticles (LnNPs)
were shown to possess potential in biomedicine, such as luminescence
imaging [21], phototherapy [22], and biosensing [23], owing to their
ability to convert near-infrared (NIR) light into multiband upconversion
emissions from UV to the first NIR region (NIR-I), or downshift emission
in the second NIR region (NIR-II) [24]. Together with high photo-
chemical stability and large anti-/Stokes shift, LnNPs enable deep tissue
penetration while reducing background luminescence, thus improving
the signal-to-noise ratio (SNR) and clarity in tumor imaging [21].
Moreover, LnNPs are also used as energy converters to activate the
coupled PSs to achieve deep-tissue PDT through Forster resonance en-
ergy transfer (FRET) [25,26]. The resulting NIR-nanophotosensitizer
(NanoPS) is a promising theranostic nanoplatform that can improve
the poor efficacy of PDT caused by limited tissue penetration and in-
crease treatment accuracy under imaging guidance. To date, most
LnNPs-based visualization PDT strategies were mainly guided by their
upconversion luminescence (UCL), which suffers from drawbacks such
as limited light penetration and imaging clarity. NIR-II imaging-guided
PDT may offer a promising strategy for deep-seated tumors treatment.
Thus, to attain satisfactory therapeutic effects, rationally designing a
programmable theranostic nanoplatform by integrating multiple thera-
peutic strategies is highly desirable [27-29].

Herein, a TME-responsive ROS nanogenerator integrating LnNPs-
Ce6 nanoPSs with Fe'-gallic acid (GA) complex was developed by
boosting ROS generation to augment antitumor immune response
(Scheme 1). In this nanoplatform, the multiband emissions of photo-
switchable LnNPs were composed of multi-wavelength-excited
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NaFErF4:2%Ce core (808, 980, or 1530 nm) and a single-wavelength-
excited NaYbF4:0.5 %Tm emitting layer (980 nm). Notably, 2% Ce
doping quenched the bright red upconversion emission of Er>* to inhibit
the FRET process (multiple excitations), enabling damage-free and real-
time NIR-IIb imaging under 808 nm or 1530 nm excitation [30,31]. The
Fe-GA complex can dissociate in mild acidic TME (pH 6.5 ~ 6.8),
accompanied by the release of Fe>™ and GA. Notably, the UV upcon-
version emission could photo-reduct Fe3* to Fe?*; and GA, as a highly
active reducing agent, could also convert Fe®' into Fe?", enabling the
FeZ* to participate in the Fenton reaction to generate ¢OH [32]. The
resulting ¢OH can promote the formation of LPO, which is essential for
FT. Besides, Fe-GA can serve as a photothermal converter, which per-
forms photothermal therapy (PTT). Upon NIR-II photoirradiation, the
heat generated by Fe-GA enriched in the tumor can not only directly
ablate tumors but also enhance the generation of ROS. The PTT/PDT/FT
synergistic treatment induces a potent ICD effect, producing immune-
related cytokines and inhibiting lung metastasis. Moreover, the Ln@Fe
NPs possess NIR-IIb luminescence (L1550 £m, 808 Ex) and photoacoustic
(PA) imaging performance, realizing imaging-guided antitumor
therapy.

2. Experimental section
2.1. Materials

RECl3-6H0 (RE = Er, Ce, 99.99%), Tm(CF3CO0)3 (>99.9%), Yb
(CF3C00)3 (>99.9%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%),
and poly (allylamine hydrochloride) (PAH-HCl, Mw ~ 15,000) were
purchased from Sigma-Aldrich. NH4F, NaOH, polyethene glycol-
succinimidyl carbonate (PEG-SC), FeCl3-6H20 (99%), gallic acid
(99%), and 1,10-phenanthroline (99%) were obtained from Aladdin
(Shanghai, China). Hydrochloric acid (HCI), methanol, acetone, ethanol,
and cyclohexane were obtained from Beijing Chemical Plant Co., Ltd.
GSH assay kit, CCK-8 kit, Annexin V-FITC/PI were purchased from
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Scheme 1. Schematic illustration of the synthesis procedure and underlying antitumor mechanism of the Ln@Fe NPs. (a) The synthesis route of Ln@Fe NPs. (b) The
proposed mechanism of Ln@Fe NPs for synergistic therapy-elicited immunotherapy.
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Beijing Solarbio Science & Technology Co., Ltd. 2/, 7'-Dichlorofuor-
escein diacetate (DCFH-DA), GPX4 rabbit polyclonal antibody, p-actin
mouse monoclonal antibody, AP-labeled goat anti-rabbit IgG, and BCIP/
NBT Alkaline Phosphatase Color Development Kit were purchased from
Beyotime Institute of Biotechnology (Nantong, China). Liperfluo and
FerroOrange probe was purchased from Dojindo. All the chemicals were
used without further purification.

2.2. Synthesis of LnNPs

Typically, 0.98 mmol ErCls and 0.02 mmol CeCl3 were added into a
100 mL three neck-flask containing 9 mL OA and 22.5 mL ODE. The
mixture was degassed with argon and heated to 160 °C by stirring
continuously to form a homogeneous solution. After the solution was
cooled down to 60 °C, 4 mL methanol solution containing NaOH (100
mg) and NH4F (148 mg) was added and stirred at 80 °C for 1 h to
evaporate the methanol. Subsequently, the system was heated to 300 °C
and stirred for 1.5 h under Argon protection. Afterwards, the NaErF4:2%
Ce core was collected by centrifugation, and the precipitate was
dispersed into 8 mL cyclohexane.

The shell coating procedure is similar except for the precursor shell
material of Ln(CF3COO0)3 and the calculated total amount. 6 mL OA and
15 mL ODE were poured into a three neck-flask containing 1 mmol Y
(CF3C00)3 and 1 mmol NaCF3COO, and heated the mixture to 120 °C to
form the shell precursor solution. After that, the solution was cooled to
room temperature (RT), and as-prepared NaErF4:2%Ce in cyclohexane
solution was added. Then, the solution was heated to 85 °C to remove
cyclohexane. Subsequently, the mixture was heated to 300 °C and kept
for 1.5 h under Argon protection. After centrifugation, the as-prepared
LnNPs were obtained.

2.3. Synthesis of LnNPs-Ce6

Ligand-free LnNPs were obtained by the acid-treated method.
Briefly, 2 mL of hydrochloric acid (0.1 M) was added to 2 mL LnNPs in
cyclohexane solution under stirring until LnNPs were transferred
entirely to the aqueous phase. Next, ligand-free LnNPs were collected by
centrifugation (12,000 rpm, 20 min) and redispersed in DMF. After that,
10 mg LnNPs were mixed with 100 uL. PAAm (Poly allylamine solution,
20 wt%) aqueous solution and stirred overnight. After removing excess
PAAm through centrifugation, the LnNPs-PAAm was incubated with 0.3
mg Ce6 (1 mg mL ! in DMF) and an excess amount of EDC and NHS. The
solution was stirred at RT for 24 h. Finally, LnNPs-Ce6 were collected by
centrifugation and resuspended in deionized water for further use.

2.4. Synthesis of Ln@Fe NPs

Typically, 5 mg of LnNPs-Ce6 aqueous solution was incubated with
15 mg of PEG-SC for 6 h at RT. After that, 10 mg of FeCls-6H0 was
added and stirred for 60 min at RT. Then, 5 mg of gallic acid (GA) was
added to the above solution and stirred overnight at RT. Finally, LnNPs-
Ce6@Fe (named Ln@Fe NPs) were collected by centrifugation (12,000
rpm, 20 min) and redispersed in deionized water for further use.

2.5. Photothermal property of Ln@Fe NPs

To evaluate the photothermal performance of Ln@Fe NPs with
various Fe/GA ratios, 1 mL of NPs aqueous solutions (4.5 mg mL™") were
irradiated by a 1064 nm laser (1 W cm’z, 10 min). The temperature
change was recorded using a thermal imaging system (FLIR) every 30 s.

2.6. Release kinetics of Fe>*
To investigate the release kinetics of Feg+, the Ln@Fe NPs were

dispersed in different pH buffers and stirred at RT. Then, the released
Fe3* in the supernatants at different times (0.5, 1, 1.5, 2, 4, 8, and 12 h)
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was collected by centrifugation, and the UCL spectra were recorded
under 980 nm excitation.

2.7. Singlet oxygen detection (102)

DPBF was chosen to monitor the 10,. Briefly, 10 uL of DPBF solution
(5 mM) in DMF was added to the 1 mL sample suspension (LnNPs-Ce6 or
different pH buffer treated Ln@Fe NPs), respectively. Then, the mixture
was irradiated by a 980 nm laser (0.7 W cm~2) for 20 min, and the
absorption spectra of DPBF were recorded every 5 min.

2.8. Detect the conversion of Fe>* to Fe?*

To determine the conversion of Fe>' to Fe?* induced by UV and GA,
Ln@Fe NPs were dispersed in buffers with different pH and irradiated
with NIR laser (980 nm). The Fe®" can react with 1,10-phenanthroline
(5 mM) to form a new complex, and with a maximum absorbance at
510 nm. The absorbance of the complex was monitored using UV-visible
spectrophotometer.

2.9. Generation of ¢«OH

The eOH generation was evaluated by MB degradation. Briefly,
Ln@Fe NPs suspension (5 mg mL_l, 50 uL) was added in different pH
buffers containing HyO, (10 mM) and MB (10 pg mL~ 1 and with or
without GSH (10 mM). Finally, the reaction system was centrifuged and
measured the absorbance spectra of the supernatant.

2.10. Cell culture

Murine breast carcinoma cell line 4 T1 cells and mouse fibroblast
cells (L929) were obtained from the Institute of Basic Medicine, Chinese
Academy of Medical Science. 4 T1 cells were cultured in RPMI-1640
medium containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 °C under a 5% CO- atmosphere. Normal cells (L929)
were cultured in dulbecco modified eagle medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.

2.11. Invitro cellular uptake

Briefly, 4 T1 cells were seeded in 20-mm dishes at a density of 1.0 x
10° cells/well. After adhering overnight, the cells were incubated with
Ln@Fe NPs (100 pg mL_l) for 6 h. After rinsing three times with PBS, 4
T1 cells were fixed with paraformaldehyde (4%) for 15 min at 37 °C and
washed three times. Finally, 4 T1 cells were captured by confocal laser
scanning microscope (CLSM, Nikon) after staining with DAPI solution
(0.5 pg mL™Y) for 10 min at 37 °C. To further quantitatively evaluate the
endocytosis of nanoparticles by 4 T1 cells, the intracellular Fe content
was measured by inductively coupled plasma-mass spectrometry (ICP-
MS) after incubated with Ln@Fe NPs for different times (0, 6, 12, and 24
h).

2.12. Detection of intracellular Fe?*

The FerroOrange probe was used to detect intracellular Fe?", Briefly,
4 T1 cells were cultured in 20-mm dishes and incubated overnight.
Then, the cells were washed three times after incubated with Ln@Fe NPs
for different times (0, 6, and 24 h). The FerroOrange probe was added to
each well and incubated for 30 min at 37 °C. Finally, the cells were
washed and imaged with a fluorescence microscope.

2.13. Intracellular reactive oxygen species (ROS) generation
The ROS-sensitive probe DCFH-DA was used to detect intracellular

ROS generation induced by Ln@Fe NPs. Briefly, 4 T1 cells were seeded
in 20-mm dishes at a 1.0 x 10°/well density and incubated overnight.
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The cells were divided into four groups including (1) PBS, (2) Ln@Fe
NPs (3) Ln@Fe NPs + deferoxamine (DFO, a ferroptosis inhibitor), and
(4) Ln@Fe NPs + Logo + 1064 (0.6 W cm 2, 6 min). The cells were washed
with 1640 (free of FBS) three times after different treatments for 6 h.
After that, DCFH-DA (10 puM) in 1640 (free of FBS) was added to each
well and incubated for 30 min at 37 °C. Finally, the cells were washed
three times and imaged with a fluorescence microscope.

2.14. Intracellular GSH, GPX4, and LPO evaluation

4 T1 cells were treated with different formulations including PBS,
Ln@Fe NPs (200 pg mL‘l), Ln@Fe NPs + DFO, and Ln@Fe NPs + Logq
1064 nm (0.6 W cm’z, 6 min). After incubation for 6 h, the treated cells
were collected to determine intracellular GSH content using the GSH
assay kit (Solarbio, Beijing). Then, the intracellular GPX4 expression
level was measured. The 4 T1 cells were collected and lysed after
different treatments. Next, the proteins were separated by SDS-PAGE for
Western blotting assay. In addition, liperfluo as an LPO probe (Dojindo)
was applied for intracellular LPO detection, and a CLMS imaging system
collected the results.

2.15. Bio-TEM imaging

4 T1 cells were incubated with Ln@Fe NPs (200 pg mL ™) for 12 h,
and the cells were collected after being washed with PBS three times.
After that, the cells were fixed with 2.5% glutaric dialdehyde solution
for bio-TEM imaging.

2.16. In vitro cytotoxicity

CCK-8 assay was used to assess the cytotoxicity under different
treatments. To explore the ferroptosis therapy efficiency in vitro induced
by Ln@Fe NPs, blocking studies were carried out using DFO. Typically,
4 T1 cells (1 x 10%) were seeded into a 96-wells cell culture plate and
incubated overnight. Then the cells were incubated with different con-
centrations of Ln@Fe NPs (0, 12.5, 25, 50, 100, and 200 pg mL™Y) with
or without DFO (100 uM) for 24 h. For phototherapy, after incubated
with Ln@Fe NPs for 6 h, the cells were irradiated with 980 + 1064 nm
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Losgo + 1064 nm» respectively. After incubation for 6 h, the exposure of CRT
was evaluated by immunofluorescence staining and the secretion of
HMGBI1 in the supernatant was detected by enzyme-linked immuno-
sorbent assay (ELISA). Intracellular ATP level was measured using the
ATP assay kit (Beyotime Biotechnology).

2.19. In vitro dendritic cells stimulation

Bone marrow-derived dendritic cells (BMDCs) were obtained from
BALB/c mice and cultured in an RPMI-1640 medium containing 10%
FBS, GM-CSF (20 ng mL™}!), and IL-4 (10 ng mL™Y). For in vitro DCs
stimulation, the 4 T1cells after different treats with PBS, Ln@Fe NPs, or
Ln@Fe NPs + Logp + 1064 nm were seeded in the upper chamber of
Transwell system, and DCs were seeded in lower chamber for co-
incubating for another 24 h. Then, the DCs were collected and stained
with anti-CD11c-APC, anti-CD80-FITC, and anti-CD86-PE for flow
cytometry. What’s more, the secretion of IL-6 and TNF-a was evaluated
by ELISA assay.

2.20. Tumor model

Female BALB/c mice (6-8 weeks, weighted 18-22 g) were purchased
from Vital River Company in Beijing, and all animal experiments were
performed in accordance with guidelines reviewed by the Laboratory
Animal Management Committee of Northeastern University. First, 100
uL 4 T1 cells (1.0 x 10°) in PBS were subcutaneously injected into the
right flank of each mouse. The formula calculated the tumors volumes:
V =a x b>/2 mm® (a: Length; b: Width). When the tumor volumes
reached about 60 mm?, the in vivo experiments were then conducted.

2.21. Hemolysis assay

Red blood cells (RBCs) were obtained from the whole blood, then
washed with PBS at least 3 times. After that, the RBCs (2%) were mixed
with Ln@Fe NPs with different concentrations (0 — 400 pg mL™ 1), and
deionized water was used as a positive control. The absorbance of su-
pernatants were determined after incubation at 37 °C for 2 h, the he-
molysis radio was calculated:

hemolysis(\% ) = (sample absorbance — PBS absorbance)/(H,O absorbance — PBS absorbance) x 100

laser (0.6 W cm™2, 6 min). Finally, a CCK-8 assay was applied to
determine the relative cell viability. Furthermore, a live/dead cell
staining assay was performed to visualize the synergistic therapeutic
effect. Briefly, 4 T1 cells cultured in 20-mm plates at a density of 1 x 10°
cells/well, and were treated with PBS, Ln@Fe NPs, Ln@Fe NPs + DFO,
and Ln@Fe NPs + Loggo + 1064 (0.6 W cm™2, 6 min) for 6 h. Finally, the
cells were observed with a fluorescence microscope after being stained
with calcein AM and PI probes for 30 min.

2.17. Lysosome damage study

For the lysosome damage study, 4 T1 cells were seeded in 20-mm
dishes at a density of 1.0 x 10° and incubated overnight. Then, the
cells were divided into four groups in the manner mentioned above.
Next, after different treatments, the cells were incubated with Lyso-
Tracker Red (50 nM) for 30 min at 37 °C. Finally, 4 T1 cells were
visualized by CLSM after further wishing three times with PBS.

2.18. ICD biomarkers detection

The 4 T1 cells were treated with PBS, Ln@Fe NPs, and Ln@Fe NPs +

2.22. In vivo NIR-II/PA imaging

4 T1 tumor-bearing mice were anesthetized with 5% chloral hydrate
and injected intravenously (i.v.) with Ln@Fe NPs (200 uL, 10 mg kgfl).
For the in vivo NIR-II imaging, the luminescence images were recorded
by the Imaging System (GH-SCS00) with an 808 nm laser excitation at
different time points after administration. For the in vivo PA imaging, the
PA images were collected by a PA imaging system (MSOT invision 128,
Germany).

2.23. In vivo synergistic treatments

The tumor-bearing mice were randomly divided into four groups (n
= 4): saline (G1), saline + Logp + 1064 nm (0.6 W cm 2, 10 min) (G2),
Ln@Fe NPs (G3), and Ln@Fe NPs + Logo + 1064 nm (0.6 W cm’z, 10 min)
(G4). The temperature of tumor sites was recorded every minute using a
thermal imaging system (FLIR) at 4 h laser irradiation. After the
different treatments, the body weight and tumor volumes were recorded
every other day. To further evaluate the therapeutic outcome, the mice
were sacrificed and collected the tumors for histology analysis of H&E
and TUNEL staining after the treatment for 14 days.
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2.24. Immune responses and metastasis inhibition in vivo

The tumor-bearing mice were received saline or Ln@Fe NPs + Loggg +
1064 nm (0.6 W cm’z, 10 min) treatments, respectively. Serum samples
were isolated for cytokine detection by ELISA according to the manu-
facturer’s protocols on day 7. Then, the 4 T1 cells (2.0 x 10°) were
intravenously injected into mice. The mice were sacrificed on day 30,
and the tumors and lungs were harvested and sectioned for immuno-
fluorescence staining and H&E staining, respectively. Furthermore, H&E
staining of crucial organs (heart, liver, spleen, lung, and kidney) were
carried out to evaluate the biosafety of Ln@Fe NPs further.

2.25. Statistical analysis

All data are expressed as the mean + standard deviation (SD), and
the significance of differences among groups was evaluated with Stu-
dent’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).
3. Results and discussion

3.1. Synthesis and characterization of Ln@Fe NPs

The procedure for the synthesis of Ln@Fe NPs is presented in Scheme
la. The LnNPs (NaErF4:2%Ce@NaYF4@NaYbF4:0.5 %Tm@NaYF,4) and

Y.'H-

@
—_
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corresponding nanoPSs (LnNPs-Ce6) were prepared according to our
previously reported method [33]. The powder X-ray diffraction (XRD)
pattern confirmed a pure hexagonal phase of the LnNPs (Fig. S1) [33].
Then, the Fe-GA complex shell was coated on the surface of PEGylated
LnNPs-Ce6 by coordination [34,35]. Transmission electron microscopy
(TEM) image of Ln@Fe NPs showed a typical core-multishell structure
with a uniform size of ~ 88.6 nm, in which the LnNPs were coated with
an obscure outer layer (Fe-GA) (Fig. 1a). In addition, the hydrodynamic
diameter of Ln@Fe NPs in the cell culture medium (1640 + 10% FBS)
was monitored for 6 days. As demonstrated in Fig. S2, the average hy-
drodynamic diameter of Ln@Fe NPs changed slightly, and the poly-
dispersity index (PDI) value was still below 0.2, which verified the
excellent stability of Ln@Fe NPs. The high-resolution TEM (HRTEM)
showed the lattice fringes with a d-spacing of 0.51 nm, corresponding to
the (1 00) planes of the LnNPs (Fig. 1b). The core-multishell structure of
Ln@Fe NPs was further confirmed by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and the
shell thickness from the inside to the outside (S1-S3) is 10.52 nm, 14.79
nm, and 6.37 nm, respectively (Fig. 1¢). Elemental mapping (Fig. S3) of
the Ln@Fe NPs showed the presence of the major elements, including
Er®" in the core (NaErF4:2%Ce), Yb®" in the subouter layer (NaYbF4:0.5
%Tm), and Fe>* in the outermost layer. Moreover, energy-dispersive X-
ray spectroscopy (EDX) also confirmed similar element composition in
the Ln@Fe NPs, and the weight ration of Ln and Fe element was

Fig. 1. Characterisation of Ln@Fe NPs. (a) TEM and
(b) HRTEM images of Ln@Fe NPs. (c) HAADF-STEM
image of Ln@Fe NPs. (d) Schematic of the lumines-
cence mechanism of LnNPs triggered by 808 and 980
nm, respectively. (e) UV-vis absorption spectra of
LnNPs-Ce6 (blue line) and upconversion emission
spectrum of LnNPs with the 808 nm (pink line) and
980 nm (green line). (f) Downshifting emission spec-
trum of LnNPs-Ce6 (green line), Ln@Fe NPs (red
line), and in vitro NIR-IIb imaging of Ln@Fe NPs at
different concentrations (inset) upon irradiation at
808 nm.
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determined to be 59.83% and 3.58%, respectively (Fig. S4).

The luminescent mechanism of LnNPs was illustrated in Fig. 1d.
When the 808 nm excitation is switched on, the 419/2 of Er®" ions in core
were populated and then the electrons transitioned to 4111 ,2 due to the
non-radiation relaxation. With the existence of Ce®" ions, the cross
relaxation process (4111 /2 ErPH) + 2F7/2(Ce3+)—>4113 /2 ELH + 2F5/
2(Ce®)) between Er®* and Ce®" ions greatly enhanced the population of
1112 energy level, resulting in a considerable 1530 nm emission for
NIR-IIb imaging. Meanwhile, when the excitation source was switched
to 980 nm, the NaYF4:Yb/Tm shell could absorb 980 nm excitation en-
ergy, resulting in obviously bule-UV (362 nm, 482 nm) emission which
could provide the possibility to active the coupling photosensitizers-Ce6
for PDT. Then, the successful conjugation of Ce6 to NHy-modified LnNPs
was verified by the typical absorption spectra of Ce6 (Fig. 1e, blue line)
and fluorescence spectra (Aex = 404 nm) (Fig. S5) of LnNPs-Ce6. The
absorption spectra of Ce6 overlapped with the UCL of LnNPs (Fig. le,
green line), which indicated the possibility of energy transfer between
Ce6 and LnNPs (Aex = 980 nm). And it was measured that each LnNPs
was coupled with 144 molecules of Ce6. Almost no UCL was observed
upon switching to the imaging function (Aex = 808 nm), but 1550 nm
downshifting emission was attenuated, suggesting the excellent decou-
pling theranostic performance of imaging-guided PDT (Fig. 1f).
Furthermore, the NIR-IIb imaging profiles of Ln@Fe NPs were evaluated
(Fig. 1f, inset) at different concentrations, and nanoparticle
concentration-dependent downshifting emission intensity demonstrated
the optical stability of Ln@Fe NPs, revealing the possibility for NIR-IIb
imaging in vivo.
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3.2. Photothermal performance and ROS generation capacity of Ln@Fe
NPs

Next, we explored the TME-activatable ROS generation of Ln@Fe
NPs (Fig. 2a). After coating with the Fe-GA shell, a strong photo-
absorption was observed in the NIR-II region of the absorption spectra of
Ln@Fe NPs, suggesting PTT potential (Fig. S6), and the changed color
also confirmed it (Fig. 2b, inset). In addition, the absorption intensity of
Ln@Fe NPs increased with the increasing proportion of GA in the Fe-GA
shell (Fig. 2b), which indicated that the photothermal performance of
Ln@Fe NPs could be optimized by adjusting the Fe/GA feeding ratio. To
study its photothermal effect, Ln@Fe NPs solutions were exposed to a
1064 nm laser (1 W ¢cm~2) for 10 min. The temperature change was
recorded by the thermal imaging system every 30 s. As shown in Fig. S7
and S8, the solution temperature of Ln@Fe NPs gradually increased over
time. The maximum photothermal conversion efficiency (PCE) of 40.3%
was achieved when the mass feeding ratio of Fe: GA was 1:0.2 (Fig. S9);
thus, we chose this feeding ratio for subsequent experiments. Notably,
after coating with the Fe-GA complex, the multiple upconversion
emissions of LnNPs were significantly quenched, as shown in Fig. 2c.
Thanks to the acid responsive-decomposition behavior of Fe-GA (low pH
presents fewer coordination numbers) [36], the acidic conditions
induced the release of Fe** and GA from the Ln@Fe NPs, turning “ON”
the PDT effect (UCL recovery). Therefore, the time-dependent release
profile of Fe3* was evaluated by monitoring the changes in UCL at
different pH values (5, 6.5, and 7.4). As expected, the quenched UCL was
rapidly restored by 49.1% and 70.0% at pH 6.5 and pH 5, respectively,
within 2 h, while negligible UCL recovery was detected at pH 7.4
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(Fig. 2d), indicating the excellent stability of Ln@Fe NPs under neutral
physiological conditions. As shown in Fig. S10, the ratio of emission
intensity of Ln@Fe NPs between different wavelengths (e.g., I450/Ig50) at
pH 5 was 1.43- and 2.87 fold of the values at pH 6.5 and pH 7.4 after 2 h
treatment, respectively. As shown in Fig. S11, the change in the tem-
perature (AT) upon irradiation at 1064 nm laser was significantly
reduced under acidic conditions (pH = 5 and 6.5), while there was only
a negligible decrease at pH 7.4, which further confirmed the pH-
responsive nature of Ln@Fe NPs.

To investigate the photodynamic properties of Ln@Fe NPs upon 980
nm irradiation, the 10, production profiles were studied using 1,3-
diphenylisobenzofuran (DPBF) as a probe at different pH environ-
ments. The absorbance of DPBF was significantly reduced (76.4%) after
the LnNPs-Ce6 were irradiated for 20 min (Fig. 2e, black line), indi-
cating that LnNPs-Ce6 possessed photosensitive characteristics. Besides,
almost no DPBF was degraded when the Ln@Fe NPs were under phys-
iological conditions at pH 7.4, indicating that the Fe-GA complex
blocked the PDT effect. After the Ln@Fe NPs were treated at pH 5 buffer

Visible imaging
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solution for 2 h, the degradation rate of DPBF was up to 33.4% (Fig. 2e),
which indicated the effective generation of 10, owing to the recovery of
UCL mediated by the released Fe3* (namely pH-activated PDT).
1,10-phenanthroline was used to detect UV emission and GA-
induced transformation of Fe3* to Fe?*. Fig. 2f showed a typical char-
acteristic peak (510 nm) when the Ln@Fe NPs were treated at pH 6.5
buffer solution for 2 h due to the GA-induced reduction of Fe>* to Fe?".
Similarly, with the irradiation of 980 nm light, the absorption intensity
at 510 nm had been significantly improved, but there was no obvious
change in the 60 °C, confirming the UV-photo-reduction of Fe** to Fe2*.
The e¢OH production was measured using methylene blue (MB) as a
probe against different pH values (5 or 7.4). After treatment with Ln@Fe
NPs, the absorbance of MB decreased by 43.6% (pH 5) and 32.1% (pH
6.5), respectively (Fig. 2g). Additionally, in the presence of GSH (10
mM), the degradation of MB was significantly enhanced (69.3% in pH 5
and 62.5% in pH 6.5), likely due to the reduction of Fe* into Fe?t by
GSH for further participation in the Fenton reaction, thereby enhancing
the generation of eOH. Taken together, Ln@Fe NPs can perturb
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intracellular redox homeostasis by boosting ROS generation and GSH
depletion.

3.3. Cellular uptake and in vitro therapeutic efficiency of Ln@Fe NPs

The cellular uptake of Ln@Fe NPs was studied in 4 T1 breast tumor
cells. After incubation with Ln@Fe NPs for 6 h, the intracellular green
UCL (540 nm) and downshifting emission (1550 nm) were detected,
respectively (Fig. 3a). In addition, the results from inductively coupled
plasma mass spectrometry (ICP-MS) showed that the content of intra-
cellular Fe increased over time (Fig. 3b), demonstrating that Ln@Fe NPs
were efficiently internalized by 4 T1 cells. Intracellular Fe>" release was
determined by the variation in the UCL of LnNPs. As shown in Fig. 3b
(inset), the UCL ratio (I450/Ie50) increased with a longer incubation time
from 0 to 24 h, which suggested that Fe>" was released from the Ln@Fe
NPs that were internalized by 4 T1 cells. The FerroOrange probe was
used to detect intracellular Fe?* level. Fig. S12 shows that the intra-
cellular red fluorescence signal gradually increased within 24 h. The
quantitative results demonstrated that the mean fluorescence intensity
at 24 h was 3.28-fold more than at 0 h, indicating the increase in Fe?*
level, which is essential for the generation of eOH. 2,7-dichlorofluores-
cin diacetate (DCFH-DA) was used to evaluate the generation of ROS
after different treatments. As shown in Fig. 3e, treatment with Ln@Fe
NPs induced higher ROS levels than the control treatment (PBS). ROS
generation was lower in the presence of deferoxamine mesylate (DFO,
iron ion chelator), demonstrating that the ROS signal was attributed to
the eOH generated by Fe>*/Fe?"-mediated Fenton reaction. Further-
more, 4 T1 cells treated with Ln@Fe NPs had a bright green fluorescence
signal under laser irradiation (0.6 W cm’z, 6 min), indicating that the
intracellular ROS concentration was significantly elevated, which could
mainly be attributed to the 'O, generated by 980 nm light-triggered PDT
and intracellular hyperthermia (PTT)-enhanced ROS generation.
Quantification of the fluorescence signals revealed that the ROS level in
the NPs + group was 2.38 times higher than that in the NPs group
(Fig. 3h).

In order to verify the role of GSH consumption in reducing Fe>* to
Fe?", the intracellular level of GSH was measured after different treat-
ments. Compared with the PBS group, the intracellular GSH levels in the
NPs and NPs + groups were lower by 29.4% and 46.7%, respectively
(Fig. 3c). GSH consumption not only enhances ROS-mediated oxidative
damage but also inactivates the GPX4, further augmenting intracellular
LPO that results in ferroptosis [37,38]. Fig. 3f shows the expression level
of GPX4, which was down-regulated by 38.5% after treatment with
Ln@Fe NPs. With the assistance of NIR light (Logo1064), GPX4 expres-
sion was further suppressed (63.2%), owing to enhanced ROS produc-
tion. As shown in Fig. 3g, in contrast to the PBS group, cells treated with
Ln@Fe NPs exhibited stronger green fluorescence, and reduced green
fluorescence was observed in the presence of DFO (Fig. 3i), which
confirmed the close association of LPO accumulation with Ln@Fe NPs-
mediated ferroptosis pathway. The bio-TEM image (Fig. 3j) indicated
that the majority of the Ln@Fe NPs were located within the lysosomes,
and some escaped from lyso/endosomes after degradation. More
importantly, the mitochondria were swollen, and the ridges dis-
appeared, which are typical characteristics associated with ferroptosis,
validating Ln@Fe NPs-mediated effective ferroptosis [39,40].

The cytotoxicity of Ln@Fe NPs was verified through CCK-8 assay. As
shown in Fig. 3d, the viability of Ln@Fe NPs-treated 4 T1 cells gradually
decreased dose-dependent, which was attenuated upon incubation with
DFO, indicating that the cytotoxicity was caused by Fe>t/Fe?*-mediated
ferroptosis [41]. Specifically, the 4 T1 cell viability decreased by 25%
after incubation with Ln@Fe NPs (200 pg mL’l), while there was no
obvious toxicity on normal cells (mouse fibroblast cells, 1L929)
(Fig. S13), indicating that cancer cells are more sensitive to ferroptosis.
In addition, co-irradiation with 980 nm and 1064 nm laser with safe
optical power density resulted in significant cell death (~77%, FT-PDT-
PTT) compared to the group with only 980 nm laser irradiation (~42%,
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FT-PDT). The above results confirmed the synergistic effect of PTT-PDT-
FT. Such synergistic cytotoxic effect of PTT/PDT/FT was further
confirmed by live/dead discrimination using the calcein-AM (green
fluorescence) and propidium iodide (PI, red fluorescence) double stain
kit. No obvious cell damage (red fluorescence) was observed in the PBS
group (Fig. S14). However, after treatment with Ln@Fe NPs, the number
of dead cells was increased, and almost all the cells died in the Ln@Fe
NPs + group, which suggested the synergistic therapeutic effect of PTT/
PDT/FT. Lyso-Tracker Red was used to evaluate the effect of different
treatments on the lysosome. As shown in Fig. S15, the red-stained spots
were visible in the cytoplasm in the PBS group. However, red fluores-
cence signal was detected in the entire cytoplasm, implying that lyso-
somes were destroyed when the cells were treated with Ln@Fe NPs +
Logo+1064 [42]. The above results fully demonstrated the potential of
Ln@Fe NPs-mediated synergistic therapeutic effects in vitro.

3.4. ICD stimulation induced by PTT/PDT/FT

To investigate the in vitro ICD effects induced by Ln@Fe NPs-
mediated synergistic therapy, crucial cellular markers of ICD (CRT,
HMGB1 and ATP) were measured [43,44]. Cells that undergo ICD tend
to expose CRT on the cell surface as an “eat me” signal to activate the
immune response [45,46]. Among the treatment groups, the CRT
exposure level was highest in the synergistic treatment (NPs + ) group,
about 2 times that in the NPs-treated group (Fig. 4a-b). This might be
induced by ROS and hyperthermia-mediated stress. Extracellular release
of HMGBL is often associated with cell death, and the released HMGB1
binds with antigen-presenting cells (APCs), leading to the expression
and secretion of inflammatory cytokines that promote DCs maturation.
Consistently, the up-regulated level of HMGB1 and down-regulated level
of intracellular ATP were found in the NPs + group (Fig. 4c and S16),
which indicated that Ln@Fe NPs mediated-PTT/PDT/FT effectively
induced ICD through multiple pathways. Next, a transwell assay was
conducted to evaluate the ICD-induced maturation of DCs (Fig. 4d). The
synergistic treatment (NPs + ) group displayed the highest levels of
secreted inflammatory cytokines (interleukin-6 (IL-6) and tumor ne-
crosis factor-a (TNF-)) from DCs (Fig. 4e-f). Flow cytometry analysis
revealed that Ln@Fe NPs significantly promoted the maturation of DCs
(CD80'CD86™) (23.3%), which could probably attribute to Ln@Fe NPs-
mediated ferroptosis [47]. Meanwhile, the proportion of mature DCs
was further up-regulated in the NPs + group (30.9%) (Fig. 4g). Overall,
Ln@Fe NPs-mediated synergistic therapy through PTT/PDT/FT effec-
tively induced ICD and promoted the maturation of DCs, which are
known to evoke potential immune responses in the host.

3.5. NIR-IIb/PA dual modal imaging in vivo

Before conducting in vivo experiments, hemolysis assay was per-
formed. As shown in Fig. S17, there was almost no hemolysis within the
detection concentration range (0-400 pg mL 1), suggesting the excellent
biosafety of Ln@Fe NPs. In vivo real-time NIR-IIb and PA imaging were
performed to visualize the accumulation of Ln@Fe NPs in the tumor
sites. As shown in Fig. 5a, the whole-body vascular system, especially
the tumor blood supply network, was clearly observed with a 1500 nm
long-pass (LP) filter at 5 min post-intravenous injection of Ln@Fe NPs.
Moreover, Gaussian-fitting of the cross-sectional intensity of blood
vessels near the tumor site was applied. As a result, the full width at half-
maximum (FWHM) values of the corresponding blood vessels were 310
um and 210 pm, respectively (Fig. 5b), confirming that the imaging
quality of Ln@Fe NPs was equivalent to that of other NIR-IIb agents
[48,49]. Subsequently, the enrichment profiles of Ln@Fe NPs at the
tumor sites were measured over time. As shown in Fig. 5c-e, the NIR-IIb
luminescence signals at the tumor area gradually increased from 0.5 h to
4 h and reached a maximum at 4 h post-injection owing to the enhanced
permeability and retention (EPR) effect. In addition to the tumor site,
most Ln@Fe NPs accumulated in the liver and spleen (Fig. S18a-d). The
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fluorescence images showed that the luminescence signal of Ln@Fe NPs the typical hepatobiliary and spleen clearance of the nanoparticles.
in spleen gradually increased after administration and peaked at 24 h, Besides, we also conducted NIR-IIb imaging of mouse feces after
then gradually weakened over time. The luminescence signal of liver administration. As shown in Fig. S19a, the luminescence signals of
peaked at 2 h after administration and decreased with time, indicating LnNPs could be detected in the feces after administration. The
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degradation profiles of Ln@Fe NPs were also studied by quantifying the
main elements in feces, such as Yb, Y, and Er, with inductively coupled
plasma mass spectrometry (ICP-MS) characterization. It was found that
the relative content ratio of Ln element in feces did not show significant
changes within 5 days, which is consistent with the EDX results
(Fig. S19b). These results indicated that Ln@Fe NPs could be excreted
through the typical hepatobiliary pathway, and LnNPs were almost not
degraded. In addition, the pharmacokinetics was investigated by i.v.
injection of Ln@Fe NPs (50 mg/kg) and followed by collecting blood at
different time points. The half-life of Ln@Fe NPs in blood circulation
was approximately 7 min (Fig. S20).

Additionally, PA signals in the tumor regions were enhanced over
time and peaked at 4 h post-injection, 1.55-fold stronger than at pre-
injection. Subsequently, the PA signals were gradually reduced to the
pre-injection level 24 h post-injection, implying that the Ln@Fe NPs
displayed strong PA performance. These results demonstrated the
feasibility of NIR-IIb/PA dual-modal imaging-guided synergistic

Tumor

Synergistic treatment
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therapy. Considering the maximum enrichment time of Ln@Fe NPs at
the tumor site, laser irradiation (Logp+1064) Was applied at 4 h post-
injection for antitumor therapy (derived from the G4 treatment group,
see Treatment section).

3.6. Evaluation of the antitumor efficacy and ICD effect of Ln@Fe NPs in
vivo

Next, we evaluated the in vivo antitumor effects of Ln@Fe NPs-
mediated synergistic therapy (Fig. 6a). 4 T1 tumor-bearing mice were
randomly divided into four groups (n = 4 for each group) and treated as
follows: saline (G1); saline + Logpi+1064 (G2); Ln@Fe NPs (G3); and
Ln@Fe NPs + Logg+1064 (G4). Thanks to the excellent photothermal
conversion capacity of Ln@Fe NPs, the tumor temperature rapidly
increased and reached up to 53.1 °C within 10 min in the Ln@Fe NPs +
Logo+1064 group, which indicated that Ln@Fe NPs were suitable for in
vivo PTT (Fig. S21). Notably, the phototherapy triggered by laser
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irradiation can simultaneously achieve a precise tumor treatment under
real-time NIR-IIb imaging guidance. After photoirradiation, the tumor
volume and body weight of mice were monitored every two days. As
presented in the tumor growth curves, a certain degree (51.7%) of tumor
inhibition was achieved in the Ln@Fe NPs (blue line) group, which was
attributed to the Ln@Fe NPs-mediated ferroptosis. Nevertheless, Ln@Fe
NPs alone did not inhibit tumor growth completely. Combined with
photoirradiation, we achieved almost complete tumor eradication (~
98%) (Fig. 6b-pink line), indicating the vastly improved synergistic
therapeutic performance of PTT/PDT/FT. The photograph of the
dissected tumors visually reveals the strong antitumor effects (Fig. 6¢).
There was no significant fluctuation in the bodyweight of mice
belonging to all groups during the treatment period (Fig. 6d), which
indicated the good biocompatibility of the Ln@Fe NPs. Furthermore,
hematoxylin and eosin (H&E) and terminal dUTP-mediated nick-end
labeling (TUNEL) staining of the tumor sections also indicated that most
severe histological damages and apoptotic cells were present in the
Ln@Fe NPs + Logp+1064 group (Fig. 6f). This result was consistent with
tumor growth inhibition rate, which further confirmed that the combi-
nation of Ln@Fe NPs with NIR laser irradiation was effective in killing
the tumor cells. After the treatment, multiple metastatic sites were
detected in the livers of saline-treated mice or photoirradiated mice due
to the rapid metastasis of 4 T1 cells. Encouragingly, fewer metastatic
lesions were observed in the Ln@Fe NPs treated group and almost no
metastatic lesions were found in mice treated with Ln@Fe NPs combined
with laser irradiation (Fig. 6e). These results demonstrated that Ln@Fe-
mediated synergistic therapy effectively inhibited tumor metastasis,
which might further benefit from the activation of the immune response
[50]. Therefore, the immunological response was further investigated,
including T cells infiltration and cytokine release. The levels of cytokines
(IL-6, TNF-a, and IFN-y) were significantly elevated in the serum
(Fig. 6g). In addition, immunofluorescence staining of the tumor sec-
tions demonstrated that the synergistic treatment effectively promoted
the activation and infiltration of CD4"/CD8" T cells into the tumor
tissues (Fig. S22). To further evaluate the anti-metastatic effects, the
mice were rechallenged with intravenous injection of 4 T1 cells. As
shown in Fig. 6h, obvious pulmonary metastases were detected in the
control group. In contrast, there were fewer metastatic lesions in the
treated group, which was further confirmed by H&E staining. These
results demonstrated that Ln@Fe NPs-mediated synergistic therapy was
able to induce strong antimetastatic effects by activating the immune
response. Besides, there were no apparent histological abnormalities in
other major organs in the mice (Fig. 523), validating the excellent
biocompatibility and biosafety of Ln@Fe NPs.

4. Conclusion

In summary, we developed a ROS nanogenerator-Ln@Fe NPs, which
could evoke antitumor immunity by amplifying intracellular oxidative
stress. In the acidic TME, Fe-GA could be decomposed to release Fe3*,
which provides the iron source for FT. Upon NIR irradiation, on the one
hand, the UV photons from Ln@Fe NPs induced the reduction of Fe3* to
Fe?* and then participated in the Fenton reaction to promote the gen-
eration of eOH. On the other hand, the UV-Vis emission activated the
coupling photosensitizer-Ce6, which triggers the generation of another
ROS- 102 for PDT. In addition, Fe-GA endows the Ln@Fe NPs with PTT
performance. Both in vivo and in vitro experiments demonstrated that the
above cooperative treatment strategy effectively triggered ICD by
boosting ROS generation, and ultimately inhibited the occurrence of
lung metastasis. Additionally, Ln@Fe NPs exhibited NIR-IIb down-
shifting emission upon 808 nm excitation, which can achieve non-
destructive real-time NIR-IIb luminescence imaging-guided synergistic
therapy. Overall, the current study demonstrates the feasibility and
effectiveness of Ln@Fe NPs-based synergistic treatment to stimulate
antitumor immunity, providing a new paradigm for developing thera-
nostic agents.
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