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Abstract We prepared biocompatible and environment-friendly zinc oxide nanoparticles (ZnO NPs)

with upconversion properties and catalase-like nanozyme activity. Photodynamic therapy (PDT) applica-

tion is severely limited by the poor penetration of UVeVisible light and a hypoxic tumor environment.

Here, we used ZnO NPs as a carrier for the photosensitizer chlorin e6 (Ce6) to construct zinc oxide

echlorin e6 nanoparticles (ZnO-Ce6 NPs), simultaneously addressing both problems. In terms of pene-

tration, ZnO NPs convert 808 nm near-infrared light into 401 nm visible light to excite Ce6, achieving

deep-penetrating photodynamic therapy under long-wavelength light. Interestingly, the ability to emit

short-wavelength light under long-wavelength light is usually observed in upconversion nanoparticles.

As nanozymes, ZnO NPs can catalyze the decomposition of hydrogen peroxide in tumors, providing ox-

ygen for photodynamic action and relieving hypoxia. The enhanced photodynamic action produces a
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large amount of reactive oxygen species, which overactivate autophagy and trigger immunogenic cell

death (ICD), leading to antitumor immunotherapy. In addition, even in the absence of light, ZnO and

ZnO-Ce6 NPs can induce ferroptosis of tumor cells and exert antitumor effects.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

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

Although metals constitute only 2.5% of human body mass, they
play important roles in many biological processes1. With the
development of nanomaterials and drug delivery systems, metal-
based antitumor nanomedicines have been developed for cancer
diagnosis and treatment. For example, gold nanoparticles act as
radiosensitizers during radiation therapy, thereby increasing can-
cer cell sensitivity to X-rays2. However, some nanomedicines
contain non-physiological exogenous metals that are inherently
toxic at therapeutic doses (such as platinum and gold) 3,4. Zinc is
an essential trace element in the human body owing to its unique
functions5. Zinc oxide nanoparticles (ZnO NPs), which are
biocompatible, chemically stable, and environment-friendly, are
potential materials for biomedical applications. ZnO NP is a
promising material for photonic applications in the ultraviolet or
blue spectral range owing to its large bandgap, and its high exciton
binding energy enables efficient exciton emission6. Interestingly,
it emits 401 nm visible light under 808 nm near-infrared (NIR)
light. Therefore, ZnO NPs have the potential to replace 401 nm
visible NIR light with 808 nm light, resulting in significant tissue
penetration. This property is similar to that of upconversion
nanoparticles (UCNPs), but ZnO NPs are safer, healthier, and
easier to obtain than lanthanide ion-doped UCNPs7,8.

The advantages of low cost, preparation ease, and high stability
have led to the development of various nanozymes (artificial en-
zymes based on nanomaterials) with intrinsic enzyme-like prop-
erties for drug delivery11, including metals, metal oxides, and
metal nanocomposites9,10. As reported in a previous study, ZnO
NPs promote H2O2 decomposition to produce oxygen12; thus, they
can be regarded as catalase-like nanozymes and used to design the
nano-platform for overcoming hypoxia in tumors.

Photodynamic therapy (PDT) is a clinically recognized treat-
ment13-15 with spatial selectivity, low invasiveness, good dose
reproducibility, and lower systemic toxicity than chemotherapy
and radiotherapy16,17. The anticancer principle of PDT is that the
photosensitizer (PS) is usually activated under specific light and
transfers energy to the surrounding oxygen to generate reactive
oxygen species (ROS), leading to cancer cell necrosis or
apoptosis18-20. Besides, ROS are important triggers of auto-
phagy21,22, which is generally considered a cytoprotective
response that plays a crucial role in cell survival23. However, the
overactivation of autophagy can cause autophagic cell death24,
and ROS overproduction should convert autophagy from pro-
survival to pro-death, thus contributing to antitumor effects.
PDT also induces immunogenic cell death (ICD), triggers den-
dritic cell (DC) maturation, and ultimately increases the T cell
activation, proliferation, and infiltration to achieve a systemic
immune response for antitumor immunotherapy25,26.

Several issues limit the efficacy of PDT, including its limited
penetration depth in deep-seated tumors13,27. The excitation
wavelength used in PDT is usually in the visible light range, and
the penetration depth of light is limited from a few millimeters to a
few centimeters28. To penetrate the tissues deeply, the optical
window that facilitates light penetration should be within the NIR
range29. Two-photon NIR excitation30,31 and UCNP are
commonly used techniques32,33. However, two-photon NIR exci-
tation requires short-pulse femtosecond NIR lasers, which may not
be available in most laboratories or hospitals, and UCNPs con-
sisting of rare-earth elements are usually complicated to prepare
and toxic34. The lack of endogenous oxygen in tumors is another
limitation, as PDT is a highly oxygen-dependent procedure that
aggravates tumor hypoxia, which in turn reduces PDT efficacy35.
Two common solutions are using suitable oxygen carriers (such as
hemoglobin36 or perfluorocarbons37,38) to deliver oxygen directly
to tumors and generate oxygen in situ within the tumor. Many
catalase- or MnO2-containing nanoplatforms have been designed
to transform endogenous H2O2 into oxygen39,40. Notably, ZnO
NPs with upconversion properties and catalase-like nanozyme
activity should address both problems simultaneously. In addition,
ZnO NPs can disrupt iron homeostasis to induce ferroptosis in
tumor cells41.

Therefore, we developed zinc oxide-chlorin e6 nanoparticles
(ZnO-Ce6 NPs) comprising ZnO NP nanozymes and Ce6, which
can be excited by 808 nm NIR light for deep tissue penetration
and generate oxygen to overcome the limitations of PDT (Fig. 1).
In our study, the 808 nm laser irradiated-ZnO-Ce6 NPs emitted
visible light at 401 nm (from ZnO NPs) to stimulate the loaded
Ce6 and cause photodynamic action. In addition, ZnO-Ce6 NPs
can promote H2O2 decomposition to produce oxygen via ZnO NP
nanozymes, providing sufficient oxygen for PDT, relieving hyp-
oxia, and normalizing the blood vessels in tumors. Benefiting from
deep penetration and oxygen supply, 808 nm laser irradiated-ZnO-
Ce6 NPs generated large amounts of ROS and excessively acti-
vated autophagy, contributing to autophagic tumor cell death. In
contrast, even in the absence of light, ZnO-Ce6 NPs induced cell
death via ferroptosis. ICD with an enhanced damage-associated
molecular pattern (DAMP) release was elicited, promoting DC
maturation and subsequently activating T lymphocytes and natural
killer (NK) cells. Consequently, ZnO-Ce6 NP-mediated PDT eli-
cited effective antitumor activity, inhibited tumor growth, and
ablated some tumors.

2. Materials and methods

2.1. Materials

Chlorin e6 was obtained from Frontier Scientific, Inc. (Logan, UT,
USA). Zinc acetate dehydrate (Zn (OAc)2$2H2O) was purchased
from Energy Chemical (Shanghai, China). 30% hydrogen
peroxide solution was purchased from Beijing Chemical Co., Ltd.
(Beijing, China). Singlet oxygen sensor green (SOSG) reagent and
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Figure 1 The illustration of the antitumor effect of ZnO-Ce6 NPs. Owing to the deep penetration and oxygen supply under 808 nm laser irra-

diation, the ZnO-Ce6 NPs enhanced PDT efficiency, excessively activating pro-death autophagy and contributing to immunogenic cell death (ICD)

and systemic immunity. Even in the absence of laser, ZnO-Ce6NPs cause iron overload; downregulate solute carrier family 7member 11 (SLC7A11),

glutathione (GSH), and glutathione peroxidase 4 (GPX4) levels; and boost lipid peroxidation, ultimately leading to the ferroptosis of tumor cells.
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20,70-dichlorodihydrofluorescein diacetate (DCFH-DA) were from
Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). The anti-
CD11c FITC, anti-CD86 APC, and anti-MHCII PE were obtained
from Biolegend (San Diego, CA, USA). The anti-CD16/CD32
antibody was from Elabscience Biotechnology Co., Ltd.
(Wuhan, China). The anti-CD3e PE, anti-Foxp3 PE-cy5, anti-CD4
FITC, anti-CD8a APC-eFluor780, and anti-CD49b APC anti-
bodies were from eBioscience (San Diego, CA, USA). The pri-
mary anti-HIF-1a antibody and anti-calreticulin antibody were
purchased from Bioss (Beijing, China). The anti-LC3B and anti-
p62 antibodies were from ABclonal (Wuhan, China).

The murine breast cancer 4T1 cell line was purchased from the
Cell Resource Center (Beijing, China). Cells were cultured by cell
culture medium from M&C Gene Biotech Co., Ltd. (Beijing,
China) and fetal bovine serum (FBS) from GIBCO (Carlsbad, CA,
USA) in accordance with the recommended conditions of ATCC.

Female BALB/c mice (6 weeks) were provided by the Experi-
mental Animal Center of Peking University Health Science Center.
All of the animal experiments adhered to the principles of care and
use of laboratory animals and were approved by the Peking Univer-
sity Biomedical Ethics Committee (approval number: LA2021343).

2.2. Preparation and characterization of ZnO-Ce6 NPs

ZnO NPs were prepared using a solegel method42e44.
Zn(OAc)2$2H2O was dissolved in hot ethanol and stirred for 2 h
until completely dissolved. Similarly, NaOH was added to the hot
ethanol and stirred for 2 h. The NaOH ethanol solution was then
passed through a 0.22-mm micropore filter and added dropwise to
the Zn(OAc)2$2H2O ethanol solution under rapid stirring, reacting
in an ice bath for 4 h to obtain ZnO NPs. Ce6 ethanol solution was
added to the ZnO NPs ethanol solution under stirring. The mixture
was stirred for 2 min and then separated by centrifugation. The
precipitate was resuspended in 300 mL of DMSO. The
low-molecular-weight heparin (LMHP)45 water solution was added
to the precipitate DMSO resuspension solution under stirring. The
mixture was then placed in a 37 �C gas bath shaker for 4 h and
added dropwise to water under stirring to obtain ZnO-Ce6 NPs.

The size distribution and zeta potential of ZnO-Ce6 NPs were
measured using a dynamic light scattering detector (Malvern,
Nano-ZS, Worcestershire, UK). Morphology characterization was
conducted using a transmission electron microscope (JEOL, JEM-
2100, Tokyo, Japan) operating at a voltage of 200 kV. UVeVisible
(UVeVis) absorption spectra were recorded on a UVeVis spec-
trophotometer (Shimadzu, UV-2600, Kyoto, Japan). Fourier
transform infrared spectra were obtained using a Fourier transform
infrared spectrometer (Thermo Fisher, Nicolet-6700, Waltham,
MA, USA). Fluorescence spectra of Ce6 were obtained using a
fluorescence spectrophotometer (Shimadzu, RF-5301PC, Kyoto,
Japan). Fluorescence spectra of ZnO NPs and ZnO-Ce6 NPs were
measured using an infrared fluorescence spectrometer (HORIBA
Jobin Yvon, Nanolog FL3-2Ihr, Paris, France).
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2.3. In vitro photodynamic action

Oxygen generation was quantified using a dissolved oxygen
analyzer (HANNA, HI2400, Padua, Italy). The following experi-
mental groups were tested for oxygen generation after saturation
with sufficient nitrogen and sealing with oil: (1) H2O2 irradiated
with an 808 nm laser or left untreated; (2) mixture of H2O2 and
ZnO NPs irradiated with an 808 nm laser or a 660 nm laser, or left
untreated; (3) mixture of H2O2 and ZnO-Ce6 NPs irradiated with
an 808 nm laser or left untreated.

The generation of ROS was assessed using a fluorescent ROS
probe, DCFH. The probe was mixed with ZnO NPs, Ce6, or
ZnO-Ce6 NPs and subjected to laser irradiation (0.5 W/cm2) at
808 or 660 nm. The fluorescence intensity was measured at 0, 5,
10, 15, 20, and 25 min to evaluate the ROS levels.

For penetration evaluation, the Ce6 group was irradiated with a
660 nm laser (0.5 W/cm2), and the ZnO-Ce6 NPs group was
irradiated with an 808 nm laser (0.5 W/cm2), with or without
being blocked by 1 cm thick pig muscle tissue. Fluorescence in-
tensity was measured at 0, 10, 20, and 30 min. The percentage of
ROS reduction was calculated using Eq. (1):

ROS reduction percentage (%) Z (Fluorescence intensity when
unblocked ‒ Fluorescence intensity when blocked) /Fluores-
cence intensity when unblocked � 100 (1)

Singlet oxygen generation was measured using the SOSG
probe. ZnO-Ce6 NPs (Ce6 concentration: 50 mmol/L) were mixed
with SOSG (2 mmol/L) and subjected to laser irradiation
(0.5 W/cm2) at 808 nm. The mixture was saturated with sufficient
nitrogen in hypoxic groups.

Intracellular ROS generation was assessed using a fluorescent
ROS probe, DCFH-DA. 4T1 cells were loaded with DCFH-DA in
confocal dishes for 30 min, followed by three washes. The cells
were then treated with ZnO NPs, Ce6, or ZnO-Ce6 NPs and
irradiated with an 808 or 660 nm laser for 15 min. After incu-
bating for 2 h, the cells were stained with Hoechst 33342 and
examined under a confocal laser scanning microscope.

To evaluate intracellular ROS generation under hypoxic (1%
O2) conditions, 4T1 cells were plated on confocal dishes and
incubated for 12 h, followed by exposure to hypoxic (1% O2)
conditions for an additional 12 h. Subsequently, cells were sub-
jected to similar treatments under hypoxic (1% O2) conditions and
then observed.

To detect the HIF-1a protein in 4T1 cells, the cells were plated
on confocal dishes and incubated for 12 h, followed by exposure
to hypoxic conditions (1% O2) for an additional 12 h. After
various treatments, the cells were maintained under hypoxic
conditions (1% O2) for 4 h. Subsequently, the cells were fixed,
permeabilized, and treated with the blocking buffer. The primary
anti-HIF-1a antibody (Bioss, Beijing, China), followed by the
secondary Alexa Fluor488-conjugated goat anti-rabbit IgG anti-
body (Bioss, Beijing, China) and Hoechst 33342, were added
sequentially. The cells were then visualized using confocal laser
scanning microscopy (CLSM, Leica, TCS-SP8 STED 3X, Wet-
zlar, Germany).
2.4. In vitro detection of autophagy

To detect LC3 and p62 in 4T1 cells, cells were plated on confocal
dishes and divided into experimental groups for treatment lasting
24 h. After treatment, the cells were fixed, permeabilized, and
treated with the blocking buffer. Subsequently, the primary anti-
LC3B antibody (ABclonal, Wuhan, China) or the primary anti-p62
antibody (ABclonal, Wuhan, China), followed by the secondary
Alexa Fluor488-conjugated goat anti-rabbit IgG antibody and
Hoechst 33342, were added sequentially. The cells were then
visualized using confocal laser scanning microscopy.

2.5. In vitro assessment of ICD markers

Surface exposure of calreticulin (CRT) was assessed using flow
cytometry and confocal immunofluorescence. For confocal
immunofluorescence analysis, 4T1 cells were seeded onto dishes
and cultured overnight. Following various treatments and an
additional 6 h incubation period, cells were treated with blocking
buffer, anti-calreticulin antibody (Bioss, Beijing, China), Alexa
Fluor 488-conjugated secondary antibody, and Hoechst 33342
sequentially. Subsequently, cells were visualized using CLSM
(Leica). In flow cytometry, after various treatments and an addi-
tional 6 h incubation period, cells were harvested and incubated
sequentially with anti-CRT antibody and Alexa Fluor 488-
conjugated secondary antibody. Flow cytometry analysis was
then conducted on the cells.

Extracellularly released high mobility group box 1 (HMGB1)
and adenosine triphosphate (ATP) were detected using the
HMGB1 ELISA Kit (CUSABIO, Wuhan, China) and the chem-
iluminescence ATP assay kit (Beyotime, Shanghai, China),
respectively, following the manufacturer’s instructions.

2.6. In vitro induction of DC maturation

Bone marrow-derived dendritic cells (BM-DCs) were generated
from 6-week-old female BALB/c mice46. The femurs and tibiae of
the mice were isolated, and muscle tissue was removed. The bone
marrow was washed with RPMI 1640, and red blood cells were
lysed. The resulting mononuclear cell pellet was collected and
mixedwith 10mL of Iscove-modifiedDulbecco’smedium (IMDM)
containing 10% FBS, 100 units/mL penicillin, 100 mg/mL strep-
tomycin, 20 ng/mL recombinant mouse GM-CSF (GenScript, Pis-
cataway, NJ, USA), 20 ng/mL recombinant mouse IL-4 (GenScript,
Piscataway, NJ, USA), and 50 mmol/L b-mercaptoethanol (Sigma,
Saint Louis,MO, USA) in a 100mmbacterial culture dish onDay 0.
On Day 3, an additional 10 mL of IMDMmedium was added to the
culture dish. On Days 6 and 8, half of the culture supernatant was
collected and centrifuged, and the cell pellet was resuspended in
10 mL of fresh IMDM medium and returned to the original plate.
BM-DCs were obtained on Day 10.

4T1 cells were seeded in 12-well plates and incubated over-
night. In the Ce6 group, the cells were treated with Ce6 (5 mg/mL)
under 660 nm laser irradiation for 15 min (0.5 W/cm2). In the
ZnO-Ce6 NPs þ L (808 nm) group, the cells were treated with
ZnO-Ce6 NPs (Ce6 concentration: 5 mg/mL) under 808 nm laser
irradiation for 15 min (0.5 W/cm2). After another 12 h of incu-
bation, the supernatant of the 4T1 cells was collected. Addition-
ally, BM-DCs were seeded in 12-well plates and incubated
overnight. Then, the original medium of BM-DCs was discarded,
and the cell supernatant of the 4T1 cells was added to the corre-
sponding wells of BM-DCs. Following an additional 24 h incu-
bation, BM-DCs were collected and stained.

The collected BM-DCs from the aforementioned groups were
first incubated with the blocking buffer for 1 h, followed by in-
cubation with monoclonal antibodies (mAbs), including anti-
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CD11c FITC, anti-CD86 APC and anti-MHCII PE (Biolegend,
San Diego, CA, USA) for 2 h. Finally, BM-DCs were analyzed
using flow cytometry (Gallios, Beckman Coulter, Brea, CA,
USA).

2.7. In vivo antitumor activity

All animal experiments were conducted in compliance with the
principles of care and use of laboratory animals and were
approved by the Peking University Biomedical Ethics Committee
(approval number: LA2021343).

6-week-old female BALB/c mice were subcutaneously injected
with 1 � 106 4T1 cells to establish 4T1 tumor models. Once tu-
mors reached approximately 100 mm3, the 4T1 tumor-bearing
mice were randomly divided into 6 groups (n Z 5). In the con-
trol group, mice received no treatment. In the Ce6 group, mice
were treated with Ce6 alone. In the Ce6þL (808 nm) group, mice
were injected with Ce6 and irradiated with an 808 nm laser. In the
Ce6þL (660 nm) group, mice were injected with Ce6 and irra-
diated with a 660 nm laser. In the ZnO-Ce6 NPs group, mice were
treated with ZnO-Ce6 NPs. In the ZnO-Ce6 NPs þ L (808 nm)
group, mice were treated with ZnO-Ce6 NPs and irradiated with
an 808 nm laser. All formulations were administered via intra-
tumoral injection with an equal Ce6 dose of 2 mg/kg, and laser
irradiation was performed at 1 W/cm2 for 15 min. Mice were
treated every 3 days, totaling 4 times. Tumor volume was
measured every two days using digital calipers and calculated
using Eq. (2):

V Z L � S � S/2 (2)

where L represents the longest dimension and S represents the
shortest dimension.

To assess ROS generation in vivo, 4T1 tumor-bearing mice
with tumors approximately 100 mm3 in volume were divided into
3 groups. The intratumoral injection dose was fixed at a relative
Ce6 dose of 2 mg/kg. After 2 h, 50 mL of DCFH-DA solution
(40 mmol/L) was injected intratumorally into the mice, followed
by laser irradiation (1 W/cm2) for 15 min, administered 30 min
later. Subsequently, the mice were sacrificed, and the tumors from
each group were collected and cryosectioned onto slides (n Z 3).
The sections were fixed and stained with Hoechst 33342. Visu-
alization was performed using CLSM (Leica, TCS-SP8, Wetzlar,
Germany).

To evaluate the alleviation of the tumor hypoxic microenvi-
ronment, 4T1 tumor-bearing mice with tumors approximately
100 mm3 in volume were divided into 4 groups. The intratumoral
injection dose was fixed at a relative Ce6 dose of 2 mg/kg, fol-
lowed by 15 min of laser irradiation (1 W/cm2) for each group.
After 4 h, the mice were sacrificed, and the tumors from each
group were collected and cryosectioned onto slides (n Z 3).
Cryostat sections of the tumors were prepared and stained. In
brief, the sections were fixed and permeabilized, followed by
treatment with blocking buffer, primary anti-HIF-1a antibody,
anti-CD31-APC (eBioscience, San Diego, CA, USA), secondary
Alexa Fluor488-conjugated goat anti-rabbit IgG antibody, and
Hoechst 33342, successively. The sections were then visualized
using CLSM (Leica).

For in vivo assessment of antitumor immunity, quantitative
analysis of DCs and T cells was conducted using flow cytometry.
Tumors, spleens, and tumor-draining lymph nodes were collected
for evaluation 2 days after the last administration. Tumor-draining
lymph nodes were ground with glass slides, while tumors and
spleens were cut into small pieces and digested using a mixture of
1500 U/mL collagenase, 1000 U/mL hyaluronidase, and DNase at
37 �C. The tissue suspension was filtered through a nylon mesh
filter to obtain a single-cell suspension. The single-cell suspension
from tumors was purified using the mouse tumor infiltrating tissue
lymphocyte isolation kit, followed by the harvesting of lympho-
cytes. The single-cell suspension of spleens was lysed with red
blood cell lysis buffer and filtered through nylon mesh filters
(70 mm). The harvested cells were then incubated with Fc
blocking antibody (anti-CD16/CD32) followed by staining with
anti-CD11c FITC, anti-CD86 APC, and anti-MHCII PE antibodies
for DC maturation analysis and with anti-CD3e PE, anti-Foxp3
PE-cy5, anti-CD4 FITC, anti-CD8a APC-eFluor780, and anti-
CD49b APC antibodies for T cell and NK cell analysis. Finally,
the samples were analyzed by flow cytometry.

3. Results and discussion

3.1. ZnO-Ce6 NP preparation and characterization

The PS Ce6 is primarily excited at 660 nm in PDT47,48. We used
ZnO NPs to prepare the ZnO-Ce6 NPs to excite Ce6 with 808 nm
NIR light and hoped that they responded to 808 nm NIR light to
induce the photodynamic action.

The ZnO NPs and Ce6 were bound by chelation (Fig. 2A). The
interaction between ZnO NPs and Ce6 was measured by
MicroScale Thermophoresis (MST) and belonged to the chemical
bond level, consistent with chelation (Fig. 2B). And then the
negatively charged LMHP was bound by electrostatic interactions
(Fig. 2A). LMHP is a fragment obtained by enzymatic or chemical
degradation of heparin. Compared with ordinary heparin, LMHP
retains the polysaccharide structure of heparin, but it has a lower
bleeding risk. LMHP contains sulfate and carboxyl groups, so it is
negatively charged49 and can form nanoparticles with other sub-
stances through chemical modification or electrostatic adsorption
for the delivery of antitumor drugs, proteins, and genes50,51. When
LMHP is used as a nanocarrier material, it has good biocompat-
ibility, low toxicity, easy chemical modification, and is easy to
obtain. The nanoparticles protected by LMHP also have a long-
term cycling effect in vivo52. Besides, LMHP can also inhibit
tumor angiogenesis, inhibit the proliferation of tumor cells, and
induce apoptosis53,54. The particle size and zeta potential of
ZnO-Ce6 NPs were 44.67 � 1.29 nm and-20.00 � 1.41 mV,
respectively (Fig. 2C and D). The weight percent of Ce6 in
ZnO-Ce6 NPs was 12.01 % (w/w). Transmission electron micro-
scopy (TEM) images indicated the spherical shape and uniform
size of the ZnO-Ce6 NPs (Fig. 2E). The UVeVis absorption peaks
of ZnO-Ce6 NPs were at approximately 350, 400, and 650 nm
(Fig. 2F), which were also observed in the UVeVis spectra of the
ZnO NPs and Ce6. The Fourier transform infrared (FTIR) spec-
trum results indicated that the LMHP bound to the ZnO-Ce6 NP
surface (Supporting Information Fig. S1).

The fluorescence excitation peak for Ce6 was observed at
404 nm (Fig. 2G). Interestingly, the emission peak for ZnO NPs
excited by 808 nm light was at 401 nm, which overlapped with the
excitation peak of Ce6 (404 nm), indicating that this 401 nm
emission peak of ZnO NPs could be employed to excite Ce6 to
induce photodynamic action. The emission peak of the ZnO-Ce6
NPs excited by 808 nm light at 401 nm was partially quenched by
Ce6, with potential energy transfer from the ZnO NPs to the
decorated Ce6 (Fig. 2G). The emission peak of ZnO-Ce6 NPs



Figure 2 Zinc oxideechlorin e6 nanoparticle (ZnO-Ce6 NP) preparation and characterization; (A) ZnO-Ce6 NP preparation; (B) Compare

Hill-Fit by MST; (C) Size distribution of ZnO-Ce6 NPs measured by dynamic light scattering (DLS); (D) Zeta potential of ZnO-Ce6 NPs; (E)

Transmission electron microscopy (TEM) image of ZnO NPs (left) and ZnO-Ce6 NPs (right), scale bar Z 10 nm; (F) UVeVis absorption spectra

of ZnO-Ce6 NPs, ZnO NPs, and Ce6; (G) Fluorescence excitation spectrum of Ce6 (emission wavelength: 675 nm) and fluorescence emission

spectra of ZnO and ZnO-Ce6 NPs (excitation wavelength: 808 nm); (H) Fluorescence emission spectrum of Ce6 (excitation wavelength: 401 nm)

and fluorescence emission spectra of ZnO-Ce6 NPs (excitation wavelength: 808 nm).

4498 Jingru Wang et al.
excited by 808 nm light, at approximately 700 nm, was similar to
that of Ce6 excited by 401 nm light, indicating that the Ce6
existing in the ZnO-Ce6 NPs was successfully excited (Fig. 2H).

The results indicated that the upconversion functional ZnO
NPs could convert 808 nm NIR light to 401 nm light for further
excitation of Ce6 decorated on the ZnO NP surface to induce
photodynamic action.

3.2. Enhanced photodynamic action of ZnO-Ce6 NPs in vitro

Upon exposure to specific laser irradiation, the PS can be pro-
moted to an excited triplet state and transfer energy to the sur-
rounding oxygen to generate ROS, which causes photodynamic
action55,56. Therefore, this oxygen-dependent photodynamic pro-
cess consumes a large amount of oxygen to maintain effective
PDT. However, tumor tissues generally suffer from severe hyp-
oxia, which is aggravated by this photodynamic process, in turn
reducing PDT efficacy57,58. Tumors contain a high amount of
hydrogen peroxide (H2O2)

59,60. Moreover, ZnO NPs catalyze
H2O2 decomposition, generating oxygen12,61,62, which could be
regarded as nanozymes with peroxidaseemimic activity. There-
fore, we suggest that oxygen generation via ZnO NP nanozymes
can supply oxygen for PDT and overcome tumor hypoxia.

The ZnO NPs significantly produced oxygen when incubated
with H2O2 (Fig. 3A). Moreover, ZnO-Ce6 NPs significantly
produced oxygen when incubated with H2O2, indicating that ZnO-
Ce6 NPs can also generate oxygen via ZnO NP nanozymes in the
presence of H2O2. However, the oxygen produced by the 808 nm
laser irradiated-ZnO-Ce6 NPs when incubated with H2O2 signif-
icantly decreased, which may be because these NPs would
consume oxygen due to photodynamic action. Thus, the 808 nm
laser irradiated-ZnO-Ce6 NPs produced sufficient oxygen for
further photodynamic action consumption.

In addition, the amount of oxygen produced by ZnO NPs when
incubated with H2O2 was independent of laser irradiation (without
laser irradiation, under 660 or 808 nm laser irradiation; Supporting
Information Fig. S2).

The 808 nm laser irradiated-ZnO-Ce6 NPs produced ROS,
confirming that Ce6 in ZnO-Ce6 NPs could likewise be excited by
808 nm light to produce ROS (Fig. 3B). At 25 min, ROS levels
after 808 nm laser irradiated-ZnO-Ce6 NP treatment were
considerably higher than those after 660 nm laser irradiated-Ce6
treatment. In addition, almost no ROS was produced after Ce6,
808 nm laser irradiated-Ce6, ZnO NP, and 808 nm laser irradiated-
ZnO NP treatments (Fig. 3B and Supporting Information Fig. S3).

To investigate the deep tissue penetration of 808 nm laser
irradiated-ZnO-Ce6 NPs, ROS generation was measured before
and after 1 cm of pig muscle tissue blocked the laser, and the ROS
loss percentage was calculated. The ROS loss percentage after
808 nm laser irradiated-ZnO-Ce6 treatment (50%) was



Figure 3 In vitro photodynamic therapy (PDT) performance. (A) Change of dissolved oxygen percentage over time when different samples

were incubated with H2O2. Data are presented as mean � SD (nZ 3). **P < 0.01 and ***P < 0.001 compared with H2O2 treatment; (B) Change

in DCFH fluorescence upon irradiation time for different treatments; (C) Reduction percentage of DCFH-DA fluorescence intensity after 1 cm pig

muscle tissue blocked the laser; (D) Singlet oxygen sensor green (SOSG) fluorescence after treatment with 808 nm laser irradiated-ZnO-Ce6 NPs

under different conditions (with or without H2O2, normoxic or hypoxic); (E) Reactive oxygen species (ROS) signals in normoxic condition (scale

bar Z 75 mm) and (F) semi-quantitative analysis; (G) Hypoxia-induced factor 1a (HIF-1a) signals in hypoxic condition (scale bar Z 25 mm) and

(H) semi-quantitative analysis; (I) ROS signals in 4T1 cells in hypoxic condition (scale bar Z 50 mm) and (J) Semi-quantitative analysis. (BeJ)

***P < 0.001 compared with control group; &&&P < 0.001 compared with 660 nm laser irradiated-Ce6 treatment. Data are presented as

mean � SD (n Z 3).
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significantly lower than that after 660 nm laser irradiated-Ce6
treatment (84%), indicating a strong deep tissue penetration by
808 nm laser irradiated-ZnO-Ce6 NPs.

To further verify the oxygen generation function and oxygen-
boosted PDT performance of ZnO-Ce6 NPs, a singlet oxygen
sensor green (SOSG) was used as a singlet oxygen (1O2) probe to
measure 1O2 generation. The 808 nm laser irradiated-ZnO-Ce6
NPs generate 1O2 (Fig. 3D), which greatly increased in the pres-
ence of H2O2, indicating that the oxygen produced by 808 nm
laser irradiated-ZnO-Ce6 NPs in the presence of H2O2 could be
supplied to boost PDT. Under hypoxic conditions, the 1O2

generated by the 808 nm laser irradiated-ZnO-Ce6 NPs greatly
decreased. However, when H2O2 was added, the generated 1O2

almost reached the level of that of the 808 nm laser irradiated-
ZnO-Ce6 NPs. These results indicate that the oxygen produced
by 808 nm laser irradiated-ZnO-Ce6 NPs in the presence of H2O2

can be further used to generate 1O2 and boost PDT.
Although ZnO NP nanozymes with peroxidaseemimic activity

could produce oxygen in the presence of H2O2, they generated a
trace amount of 1O2 (Supporting Information Fig. S4).

The intracellular ROS generation function of ZnO-Ce6 NPs
was also studied using CLSM. The ROS generation by 808 nm
laser irradiated-ZnO-Ce6 NPs increased significantly (Fig. 3E and
F), confirming that Ce6 in the ZnO-Ce6 NPs was excited by the
808 nm laser to produce ROS in 4T1 cells, which was similar to
the results shown in Fig. 3B. Furthermore, ROS generated by the
808 nm laser irradiated-ZnO-Ce6 NPs was approximately 1.5-fold
higher than that by the 660 nm laser irradiated-Ce6 (Fig. 3F),
suggesting that the ROS-generating function of 808 nm laser
irradiated-ZnO-Ce6 NPs was stronger than that of 660 nm laser
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irradiated-Ce6. In addition, the Ce6, ZnO NPs, 808 nm laser
irradiated-ZnO NPs, and ZnO-Ce6 NPs generated very little or no
ROS (Supporting Information Fig. S5).

The expression level of hypoxia-induced factor 1a (HIF-1a) in
4T1 cells under hypoxic (1% O2) condition was measured using
immunostaining after treatment with 808 nm laser irradiated-ZnO-
Ce6 NPs and a strong HIF-1a signal (green) was detected in the
control cells (Fig. 3G and H). Moreover, the HIF-1a level in the
4T1 cells after treatment with 660 nm laser irradiated-Ce6 was
approximately 1.2 times higher than that in control 4T1 cells,
owing to the aggravated oxygen-consuming procedure by PDT.
However, the HIF-1a level after treatment with 808 nm laser
irradiated-ZnO-Ce6 NPs was approximately 0.7 times lower than
that in control, indicating that the hypoxia was alleviated because
of oxygen supply. In addition, HIF-1a level significantly
decreased after treatment with ZnO-Ce6 or 808 nm laser
irradiated-ZnO NPs compared with that in control (Supporting
Information Fig. S6), indicating that the hypoxia was alleviated
because of oxygen supply by ZnO NP nanozymes.

The cellular ROS generation ability of ZnO-Ce6 NPs was
evaluated under hypoxic conditions. The ROS levels after treat-
ment with 808 nm laser irradiated-ZnO-Ce6 NPs and 660 nm laser
irradiated-Ce6 were significantly higher than that in the control
cells (approximately 5.9- and 1.9-times higher, respectively;
Fig. 3I and J). Moreover, the ROS level after treatment with
808 nm laser irradiated-ZnO-Ce6 NPs group was 3.2-fold higher
than that after treatment with 660 nm laser irradiated-Ce6, sug-
gesting that the ROS-generating function of the 808 nm laser
irradiated-ZnO-Ce6 NPs was significantly stronger than that of
660 nm laser irradiated-Ce6 under hypoxic conditions.

These results show that ZnO-Ce6 NPs generated oxygen in
4T1 cells because of the peroxidase-mimicking activity of ZnO
NP nanozymes, which could supply oxygen to boost PDT and
relieve hypoxia in tumor cells.

The cytotoxicity of the ROS produced by ZnO-Ce6 NPs on
4T1 cells was evaluated using the sulforhodamine B (SRB)
method. The cytotoxicity of 808 nm laser irradiated-ZnO-Ce6 NPs
was significantly enhanced than that of ZnO-Ce6 NPs (Supporting
Information Fig. S7) since the 808 nm laser irradiated-ZnO-Ce6
NPs produced a considerable amount of ROS. In addition, the
cytotoxicity of ZnO and ZnO-Ce6 NPs with or without the 808 nm
laser was significantly enhanced compared to that of Ce6 due to
the cytotoxicity of Zn2þ, which was further verified in Supporting
Information Fig. S8.

Pearson’s correlation coefficient was used to evaluate the co-
localization of ZnO NPs and Ce6 after ZnO-Ce6 NPs entered the
4T1 cells. The Pearson correlation coefficient at the 1 h time point
was 0.65 (Supporting Information Fig. S9), indicating that most
ZnO-Ce6 NPs still maintained the combined structure of ZnO NPs
and Ce6, which was conducive to ZnO NP emission to activate the
neighboring Ce6.

3.3. Overactivation of autophagy by ZnO-Ce6 NPs

The overactivation of autophagy could be more efficient in
avoiding cytoprotective functions and leading to cell death by
triggering the autophagic cell death pathway63,64. We hypothe-
sized that the ROS generated by 808 nm laser irradiated-ZnO-Ce6
NPs could overactivate autophagy, leading to tumor cell death65.
Acidic cystic autophagosomes are produced during autophagy and
can be detected using monodansyl cadaverine (MDC) staining. To
examine autophagic flux after different treatments, we also
determined the levels of LC3 and p62, two autophagy-related
proteins. The blue fluorescence of acidic autophagosomes after
treatment with 808 nm laser irradiated-ZnO-Ce6 NPs was
considerably stronger than that after treatment with 660 nm laser
irradiated-Ce6 (Fig. 4A). The level of LC3 protein after treatment
with 808 nm laser irradiated-ZnO-Ce6 NPs was approximately
2.0-fold higher than that in the control cells and after treatment
with 660 nm laser irradiated-Ce6 (Fig. 4B). Moreover, the green
fluorescence of LC3 protein was significantly stronger after
treatment with 808 nm laser irradiated-ZnO-Ce6 NPs than that
after treatment with 660 nm laser irradiated-Ce6 (Fig. 4C and D).
The ratio of LC3 II/LC3 I was increased, indicating that auto-
phagy was overactivated (Fig. 4E and F). In addition, the level of
p62 protein after treatment with 808 nm laser irradiated-ZnO-Ce6
NPs was higher than that in control (Fig. 4EeG, H, and
Supporting Information Fig. S10), indicating hindered autopha-
gosome degradation; moreover, excess accumulation of autopha-
gosomes could cause cell death.

An annexin V/PI assay based on flow cytometry was per-
formed to investigate the ZnO-Ce6 NP-induced cellular apoptosis.
The apoptosis rate of 4T1 cells after treatment with 808 nm laser
irradiated-ZnO-Ce6 NPs (91.81%) was significantly higher than
that after treatment with 660 nm laser irradiated-Ce6 (74.42%,
Fig. 4I and J). Therefore, the apoptosis of 4T1 cells was not
inhibited by autophagy after treatment with 808 nm laser
irradiated-ZnO-Ce6 NPs, further indicating that autophagy also
contributed to the antitumor effect of 808 nm laser irradiated-
ZnO-Ce6 NPs.

3.4. Ferroptosis induced by ZnO-Ce6 NPs in the absence of
laser irradiation

ZnO-Ce6 NPs induce ferroptosis in tumor cells even in the
absence of laser irradiation. Ferroptosis is a unique form of pro-
grammed cell death characterized by iron-dependent excess lipid
peroxidation66. The lipid peroxidation levels after treatment with
ZnO-Ce6 and ZnO NPs were significantly higher than that in the
control (Fig. 5A). In addition, the ZnO-Ce6 and ZnO NPs
increased the deep blue foci, indicating ferrous ion accumulation
(Fig. 5I), which may be attributed to ZnO NPs modulating the
uptake and export in iron homeostasis67. Ferroptosis is primarily
controlled by the glutathione (GSH) redox system68. GSH
depletion inactivates glutathione peroxidase 4 (GPX4), resulting
in lipid peroxidation and subsequent ferroptosis 69,70. ZnO and
ZnO-Ce6 NPs significantly reduced GSH levels (Fig. 5B), GPX4
protein levels (Fig. 5C, D, and H), and GPX4 mRNA levels
(Fig. 5E), which are typical features of ferroptosis. In the fer-
roptosis pathway, SLC7A11 is a transport subunit of the
SLC7A11eGSHeGPX4 axis and an important cellular system for
resistance to ferroptosis. SLC7A11 mRNA levels significantly
decreased after treatment with ZnO-Ce6 and ZnO NPs (Fig. 5F).
Arachidonate lipoxygenase (ALOX)-catalyzed lipid hydroperox-
ide generation promotes ferroptosis. ALOX15 mRNA levels
significantly increased after treatment with ZnO-Ce6 and ZnO
NPs (Fig. 5G), which may contribute to lipid peroxidation and
ferroptosis. Illustration of the ferroptosis induced by ZnO-Ce6
NPs was shown in Fig. 5J.

3.5. ICD induced by ZnO-Ce6 NPs in vitro

PDT can cause ICD by inducing dying tumor cells to release
immunogenic signals of DAMPs, including exposure to CRT on



Figure 4 Overactivation of autophagy by 808 nm laser irradiated-ZnO-Ce6 NPs. (A) Monodansylcadaverine (MDC)-stained fluorescent images

(scale bar Z 10 mm); (B) Quantification of LC3 expression by flow cytometry; (C) Representative confocal images of LC3 protein in 4T1 cells

after different treatments (scale bar Z 10 mm); (D) Semi-quantitative analysis of LC3 protein; (E) Western blot analysis of LC3 and p62 protein;

(F) Semi-quantitative analysis of LC3 II and LC3 I protein in Western blot; (G) Semi-quantitative analysis of p62 protein in Western blot; (H)

Semi-quantitative analysis of p62 protein in immunofluorescence images; (I) Flow cytometry analysis of apoptotic cells after different treatments

and (J) Representative scatter plots of apoptotic cells. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001 compared with the control; &P < 0.05 compared with 660 nm laser irradiated-Ce6 treatment.
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the cell surface, ATP secretion, and HMGB1 release71. These
signals promote DC maturation, which can effectively present
antigens and mobilize host adaptive immunity. Since CRT, ATP,
and HMGB1 are recognized as typical symbols of ICD, the
in vitro ICD performance elicited by 808 nm laser irradiated-ZnO-
Ce6 NPs was assessed in 4T1 cells.

CRT exposure on the 4T1 cell surface was investigated after
treatment with 808 nm laser irradiated-ZnO-Ce6 NPs and further
confirmed using flow cytometry (Fig. 6A and B). In addition, CRT
exposure on the surface of 4T1 cells after treatment with 660 nm
laser irradiated-Ce6 was significantly lower than that after treat-
ment with 808 nm laser irradiated-ZnO-Ce6 NPs (Fig. 6B).
Moreover, 808 nm laser irradiated-ZnO-Ce6 NP-induced HMGB1
and ATP release was significantly higher than that induced by
660 nm laser irradiated-Ce6 (Fig. 6C and D).

In addition, the in vitro results of BMDCs showed that the
percentage of mature DCs promoted by DAMPs from 4T1 tumor
cells after treatment with 808 nm laser irradiated-ZnO-Ce6 NPs
was significantly higher than that in control and after treatment
with 660 nm laser irradiated-Ce6, indicating that its role in
inducing DC maturation was superior to that of 660 nm laser
irradiated-Ce6 (Fig. 6E and F). The gating strategy used for the
flow cytometry is shown in Supporting Information Fig. S11.

3.6. Antitumor activity of ZnO-Ce6 NPs in vivo

The in vivo antitumor activity of ZnO-Ce6 NPs was evaluated in
4T1-tumor-bearing BALB/c mice. Tumor growth was significantly
inhibited after implanting 660 nm laser irradiated-Ce6 and 808 nm
laser irradiated-ZnO-Ce6 NPs than that in control (Fig. 7A).
However, the antitumor activity of 808 nm laser irradiated-ZnO-
Ce6 NPs was significantly higher than that of 660 nm laser
irradiated-Ce6. Notably, tumors were completely eradicated in
three of the five 4T1-tumor-bearing mice on Day 27 after
implanting 808 nm laser irradiated-ZnO-Ce6 NPs. Individual
tumor growth curves are shown in Fig. 7B. The mean tumor size



Figure 5 Ferroptosis induced by ZnO-Ce6 NPs in the absence of laser irradiation. (A) The level of lipid peroxidation; (B) Glutathione (GSH)

levels detected by DTNB colorimetric assay; (C) GPX4 protein level analysis in 4T1 cells by Western blotting; (D) Semi-quantitative analysis of

GPX4 protein by Western blotting; (E) Quantification of GPX4 mRNA levels by qPCR; (F) Quantification of SLC7A11 mRNA levels by qPCR;

(G) Quantification of ALOX15 mRNA level by qPCR; (H) Representative immunofluorescence images of GPX4 protein in 4T1 cells (scale

barZ 10 mm); (I) Optical micrographs of 4T1 cells stained with Lillie staining solution for divalent iron (blue, with pink nucleus counter-staining,

scale bar Z 100 mm); (J) Illustration of the ferroptosis induced by ZnO-Ce6 NPs. Data are presented as mean � SD (n Z 3). *P < 0.05,

**P < 0.01, ***P < 0.001 compared with control.
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on Day 27 in the control and after implanting 808 nm laser
irradiated-ZnO-Ce6 NPs and 660 nm laser irradiated-Ce6 was
152 � 208, 168 � 131, and 1517 � 123 mm3, respectively. The
corresponding tumor growth inhibition after implanting 808 nm
laser irradiated-ZnO-Ce6 NPs and 660 nm laser irradiated-Ce6
was 90.0% and 80.2%, respectively, compared to that in the
control. In addition, the antitumor activities of Ce6, 808 nm laser
irradiated-Ce6, and ZnO-Ce6 NPs were negligible (Supporting
Information Fig. S12). Moreover, the weight loss between the
implanted and control groups was not substantial (Supporting
Information Fig. S13).
The ROS level is a key factor in the antitumor activity of PDT.
The in vivo ROS generation was investigated using a fluorescent
probe (DCFHeDA). The ROS levels after implanting 808 nm laser
irradiated-ZnO-Ce6 NPs and 660 nm laser irradiated-Ce6 were
approximately 3.1- and 1.7-fold higher than that in the control,
respectively (Fig. 7C and D). In addition, the ROS level after
implanting 808 nm laser irradiated-ZnO-Ce6 NPs was approxi-
mately 1.8-fold higher than that after implanting 660 nm laser
irradiated-Ce6, indicating that the PDT effect produced by 808 nm
laser irradiated-ZnO-Ce6 NPs was stronger than that produced by
660 nm laser irradiated-Ce6 because ROS generation depends on



Figure 6 In vitro immunogenic cell death triggered by 808 nm laser irradiated-ZnO-Ce6 NPs. (A) CRT exposed on cells (scale bar Z 10 mm);

(B) Quantification of CRT exposed on cells by flow cytometry; (C) Analysis of ATP secretion; (D) Analysis of HMGB1 release; (E) Analysis of

dendritic cell (DC) maturation by flow cytometry after incubating with the 4T1 cell supernatant; (F) Representative scatter plots of mature DCs.

Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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oxygen supply. ZnO-Ce6 NPs comprise ZnO NP nanozymes with a
peroxidase-mimicking activity that produces oxygen for further
oxygen supply in PDT. Therefore, the ROS generation was
enhanced after implanting 808 nm laser irradiated-ZnO-Ce6 NPs.
However, ROS generation after implanting 808 nm laser irradiated-
Ce6 was severely impaired due to limited oxygen supply.

Tumor tissues generally suffer from severe hypoxia, which
significantly affects PDT efficiency. Moreover, oxygen-consuming
PDT aggravates hypoxia and reduces efficacy. Since ZnO NP
nanozymes can supply oxygen, the effect of ZnO-Ce6 NPs against
tumor hypoxia was investigated using fluorescent-tagged
antibodies binding to endogenous HIF-1a and CD31 on blood
vessels. Typically, both HIF-1a and CD31 downregulation indi-
cate relief from hypoxia in solid tumors.

Large areas of HIF-1a (green) and CD31 (red) signals were
observed in control, indicating the extensively distributed hypoxic
areas in tumor tissues (Fig. 7E and F). The HIF-1a level after
implanting 660 nm laser irradiated-Ce6 increased compared with
that in the control, suggesting the hypoxia aggravated in tumors.
However, HIF-1a and CD31 levels after implanting 808 nm laser
irradiated-ZnO-Ce6 NPs decreased significantly compared with
that in control and after implanting 660 nm laser irradiated-Ce6,



Figure 7 In vivo antitumor activity of ZnO-Ce6 NPs. (A) The tumor growth curves of 4T1-tumor-bearing BALB/c mice (nZ 5); (B) Individual

tumor growth curve of 4T1-tumor-bearing BALB/c mice; (C) ROS immunofluorescence in tumor sections (scale bar Z 50 mm) and (D) Semi-

quantitative analysis of ROS (n Z 3); (E) HIF-1a and CD31 immunofluorescence in tumor sections (scale bar Z 50 mm) and (F) Semi-

quantitative analysis of HIF-1a (n Z 3); (G) LC3 immunofluorescence in tumor sections (scale bar Z 10 mm) and (H) Semi-quantitative

analysis of LC3 (n Z 3); (I) Photoacoustic imaging showing sO2 levels in tumors after injecting ZnO-Ce6 NPs at different time-points, and

(J) Semi-quantitative analysis of sO2 average. Data are presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control;
&&P < 0.01, &&&P < 0.001 compared with 660 nm laser irradiated-Ce6 treatment.
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indicating that the hypoxia in tumor tissues was alleviated due to
ZnO NP nanozymes with peroxidaseemimic activity. Further-
more, the HIF-1a level after implanting 660 nm laser irradiated-
Ce6 and 808 nm laser irradiated-ZnO-Ce6 NPs were about 1.8-
fold higher and 0.56-times lower, respectively, than that of the
control (Fig. 7D). In addition, 808 nm laser irradiated-ZnO NPs
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alleviated tumor hypoxia as ZnO NP nanozymes convert hydrogen
peroxide into oxygen (Supporting Information Fig. S14).

To directly verify the oxygen levels in tumors, photoacoustic
imaging was performed to monitor the oxygen content in the
tumor tissues of 4T1-tumor-bearing mice by measuring tumor
vascular-saturated O2 (sO2) at two excitation wavelengths (750
and 850 nm). Vascular oxygen saturation was assessed by
observing the hemoglobin (Hb) and oxyhemoglobin (HbO2) signal
intensities in the tumor blood (blue and red, respectively). When
the oxygen content decreased, the HbO2 content decreased, and
Figure 8 In vivo immune responses. (AeF) Flow cytometric analysis of

tumors, and (G) Representative scatter plots of CD4þ and CD8þ T cells in

tumor-draining lymph nodes, spleens, and tumors, and (K) Representative s

regulatory T cells (Tregs) in tumor-draining lymph nodes, spleens, and tu

CD4þ/Treg ratio in tumor-draining lymph nodes, spleens, and tumors; (S

tumors. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0
&&&P < 0.001 compared with 660 nm laser irradiated-Ce6 treatment.
the red signal weakened. The sO2 before the implantation was
16.5% (Fig. 7I and J). The red signal amplified 1 h post-injection.
The sO2 1 and 4 h post-injection were 43.5% and 32.8%,
respectively, which were 2.6 and 2.0 times higher, respectively,
than those before injection. These results directly indicate oxygen
generation and relief from hypoxia.

To study the cellular autophagic flux in the tumor tissue, the
level of autophagy-related protein LC3 was determined. The LC3
level after implanting 808 nm laser irradiated-ZnO-Ce6 NPs was
2.1 and 1.5 times higher than that in control and after implanting
CD4þ and CD8þ T cells in tumor -draining lymph nodes, spleens, and

tumors; (HeJ) Flow cytometric analysis of natural killer (NK) cells in

catter plots of NK cells in tumors; (LeN) Flow cytometric analysis of

mors, and (O) Representative scatter plots of Tregs in tumors; (P, R)

eU) CD8þ/Treg ratio in tumor-draining lymph nodes, spleens, and

.01, ***P < 0.001 compared with control; &P < 0.05, &&P < 0.01,
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660 nm laser irradiated-Ce6, respectively (Fig. 7G and H), indi-
cating that overactivation of autophagy in the tumor was induced
by 808 nm laser irradiated-ZnO-Ce6 NPs, which could contribute
to killing tumor cells.

3.7. Systemic immunity induced by ZnO-Ce6 NPs in vivo

The ICD markers were investigated in vivo. The 808 nm laser
irradiated-ZnO-Ce6 NPs elicited CRT exposure and HMGB1
release in vivo (Supporting Information Figs. S15 and S16),
similar to the in vitro results, which indicated that PDT induced by
808 nm laser irradiated-ZnO-Ce6 NPs elicited ICD in vivo.

The ability to promote DC maturation and T cell activation
through ICD signaling molecules was assessed.

As shown in Supporting Information Fig. S17, mature DCs in
the tumor-draining lymph nodes and spleen greatly increased after
implanting 808 nm laser irradiated-ZnO-Ce6 NPs compared to
those in the control mice. Flow cytometry analysis indicated that
mature DCs in tumors also significantly increased after implanting
808 nm laser irradiated-ZnO-Ce6 NPs compared to that in the
control, which was also verified in the immunofluorescence im-
ages of tumor sections (Supporting Information Fig. S18). The
gating strategy for flow cytometry to detect mature DCs in vivo is
shown in Supporting Information Fig. S19.

Mature DCs play a vital role in initiating an effective adaptive
immune response by presenting antigens to the T lymphocytes for
further antitumor effect72,73. Therefore, the proportion of T lym-
phocytes (such as CD4þ T cells, CD8þ T cells, and Tregs) and NK
cells in the tumor-draining lymph nodes, spleen, and tumors were
further investigated.

The proportion of activated CD8þ T cells, CD4þ T cells, and
NK cells in tumors; activated CD4þ T cells in tumor-draining
lymph nodes; CD8þ T cells in tumor-draining lymph nodes and
spleen; and NK cells in the spleen significantly increased after
treatment with 808 nm laser irradiated-ZnO-Ce6 NPs than those in
control (Fig. 8A‒K), indicating that these immune cells possessed
strong antitumor immunity effects for effectively killing tumor
cells in vivo. Treatment with 808 nm laser irradiated-ZnO-Ce6
NPs significantly reduced the proportion of Tregs in the tumor-
draining lymph nodes, spleen, and tumors compared to that in
the control (Fig. 8L‒O), indicating that treatment with 808 nm
laser irradiated-ZnO-Ce6 NPs could alleviate immunosuppression.
The immunofluorescence images of the tumor sections were
similar to those obtained by flow cytometry (Supporting
Information Figs. S20 and S21).

The CD4þ/Treg and CD8þ/Treg ratios after treatment with
808 nm laser irradiated-ZnO-Ce6 NPs significantly increased in
tumor-draining lymph nodes, spleen, and tumors compared to
those in the control group (Fig. 8P‒U).

In addition, 660 nm laser irradiated-Ce6 also increased the
proportion of CD4þ T cells in the tumors, as well as CD8þ T and
NK cells in the spleen and tumors; however, they were still lower
than that after treatment with 808 nm laser irradiated-ZnO-Ce6
NPs. The gating strategy for flow cytometry to detect CD4þ T
cells, CD8þ T cells, NK cells, and Tregs is shown in Supporting
Information Fig. S22.

The results indicated that ICD induced by 808 nm laser
irradiated-ZnO-Ce6 NPs further stimulated immune responses,
including CD4þ and CD8þ T cell proliferation, NK cell upregu-
lation, and Treg downregulation, via DC maturation, which
enhanced the antitumor effect of PDT in 4T1-tumor-bearing
BALB/c mice.
4. Conclusions

We prepared biocompatible and environment-friendly ZnO NPs
and evaluated their upconversion properties and catalase-like
nanozyme activity. Accordingly, we used ZnO NPs to prepare
multifunctional ZnO-Ce6 NPs, which simultaneously resolve the
issues of poor penetration and hypoxia for PDT. Compared with
free Ce6 requiring 660 nm visible light excitation, ZnO-Ce6 NPs
converted 808 nm NIR light to 401 nm light to excite Ce6, which
improved penetration by extending the wavelength to the NIR
region. Owing to the peroxidase-mimicking activity of ZnO NP
nanozymes, ZnO-Ce6 NPs can supply oxygen to boost PDT and
relieve hypoxia in tumors. The enhanced photodynamic action,
overactivation of pro-death autophagy, ICD of tumor cells, and
activated systemic immunity exert antitumor effects after
addressing these limitations. In addition, ZnO-Ce6 NPs induced
ferroptosis in tumors even in the absence of laser irradiation. The
in vitro and in vivo results indicated that ZnO-Ce6 NPs signifi-
cantly inhibited tumor growth and completely eradicated indi-
vidual tumors, which are expected to solve penetration and
hypoxia problems associated with PDT in clinical applications.
Owing to their optical properties, nanozyme functions, and bio-
logical effects such as ferroptosis, ZnO NPs are promising carriers
for other drugs to establish nanoplatforms and construct various
multifunctional nano-drug deliveries.
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