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ABSTRACT Multimodal therapy has been recognized as a
powerful platform for the precise treatment of cancer. How-
ever, the reported multimodal therapeutic systems often in-
volve sophisticated components and tedious fabrication
procedures. As such, developing nature-inspired and easily-
obtainable theranostic agents for multimodal cancer therapy
remains challenging. In this work, we propose nature-inspired
nanothylakoids as a multimodal theranostic agent for cancer
therapy both in vitro and in vivo. Nanothylakoids extracted
from spinach leaves exhibit prominent photothermal and
photodynamic inactivation on 4T1 and MCF-7 cancer cells
due to their outstanding photothermal conversion/photo-
sensitization capabilities. Additionally, the peroxidase-like
catalytic activity of nanothylakoids is simultaneously verified,
which facilitates the oxidation of H2O2 to the cytotoxic hy-
droxyl radical (·OH) and thus cause efficient cell apoptosis.
Interestingly, a selective cytotoxicity of nanothylakoids on
MCF-7 cancer cells is found due to their overexpression of
H2O2. In vitro and in vivo results substantiate the prominent
therapeutic outcome and excellent biosafety of nanothyla-
koids. Nanothylakoids with photothermal/photodynamic ef-
fects and peroxidase-like catalytic activity open a new avenue
for the development of nature-inspired theranostic materials,
holding great promise in multimodal cancer therapeutics.
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INTRODUCTION
Malignant cancers remain one of the most life-threatening dis-
eases because of the tremendous difficulties in early diagnosis,
efficient therapy, and poor prognosis [1–3]. Although che-
motherapy is one of the most commonly used methods in clinics
for cancer treatment, the therapeutic outcome is often limited
due to the poor targeting capacities and severe side effects [4–6].
Meanwhile, the complicated tumor microenvironment makes
patients readily susceptible to multidrug resistance (MDR),
which further reduces the therapeutic outcome [7–10]. In the
past decades, extensive advanced cancer therapeutic strategies
have been developed for preclinical or clinical investigations,
including phototherapy [11–15], radiotherapy [16,17], and
immunotherapy [18–20]. Among them, photodynamic therapy
(PDT) and photothermal therapy (PTT) lead to irreversible cell
death by toxic reactive oxygen species (ROS) or localized heat

post optical irradiation [21]. These two strategies have been
regarded as the most attractive phototherapeutic approaches
because of their high therapeutic efficiency, low side effects, and
low possibility to cause MDR [22]. To enrich the library of high-
quality phototherapeutic agents for disease treatments, a variety
of functional materials have been successfully established in view
of their prominent light-harvesting capacities in the visible or
near infrared (NIR) region, including porphyrin and other small
organic molecules [11,23], conjugated polymers [12,24], gold-
based materials [25,26], carbon materials [27,28], and other
nanomaterials [29,30]. Although these synthetic photoactive
agents exhibit desirable performance in cancer photo-
therapeutics, the construction of multimodal therapeutic sys-
tems typically involves sophisticated components and tedious
fabrication procedures [31]. Thus, it is still essential to pursue
novel and easily available phototherapeutic nanoagents for
tumor treatments, preferably with multimodal features, excellent
biocompatibility, and less possibility to cause MDR.

Nature-inspired therapy systems, especially the plant- or
microorganism-derived biomedical materials, have emerged as a
class of promising candidates for cancer phototherapeutics. For
instance, a biohybrid system composed of photosynthetic cya-
nobacterial cells and photosensitizer chlorine 6 was developed
for oxygen-suppliable PDT [32], Chlorella pyrenoidosa-based
light-triggered oxygen-affording engines were specifically pro-
posed for repeated hypoxia-resistant PDT [33], and a plant-
inspired photosynthetic abiotic/biotic nanoparticle system was
also designed for normalizing the tumor microenvironment
[34]. These efforts remarkably enriched the nature-inspired
theranostic systems for cancer therapy. Nevertheless, the present
studies primarily focused on the photosynthetic oxygenation to
improve PDT efficiency. The direct utilization of plant- or
microorganism-derived biomedical materials as the photo-
theranostic nanoplatform remains rarely explored. Moreover,
motivated by the overexpressed H2O2 in the tumor micro-
environment, the catalytical conversion of H2O2 into hydroxyl
radical (·OH) has been proven to be a highly effective approach
for the treatment of malignant cancers due to the high toxicity of
·OH [35–37]. Compared with the expensive natural enzymes
and artificial nanozymes, the plant- or microorganism-derived
multifunctional materials with built-in enzymatic activity can be
obtained from widespread sources and/or via simple fabrication
procedure, making them highly attractive in cancer therapy.
Thus, the development of novel nature-derived materials with
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multimodal therapeutic functions will maximize cancer therapy
and further broaden the category of bioinspired nanotheranostic
tools.

Herein, we report plant leave-derived nanothylakoids with
photothermal/photodynamic and peroxidase (POD)-like activ-
ities for enhanced cancer photo-therapeutics. As shown in
Scheme 1, nanothylakoids are extracted from spinach leaves and
exhibit multimodal therapeutic functions to cause cell death,
that is, PDT- and PTT-capabilities and POD-like catalytic
activity (converting H2O2 to ·OH). The multifunctional nano-
thylakoids show outstanding cancer therapeutic efficiency and
excellent biosafety both in vitro and in vivo. Interestingly, a
selective cytotoxicity of nanothylakoids to MCF-7 over 4T1 and
a normal cell line, human pulmonary fibroblasts (HPF), is
found, which can be attributed to the overexpressed H2O2 in the
tumor microenvironment. This work provides a concept of
using plant-derived photoactive nanomaterials for multimodal
cancer therapeutics, holding great promise for future clinical
uses.

EXPERIMENTAL SECTION

Photothermal property of nanothylakoids
Nanothylakoid solutions (60, 40, 20, 10, 5 μg mL−1) were irra-
diated with laser (655 nm, 0.5 W cm−2) for 5 min. The tem-
perature-changing curve was recorded with a Ti400 thermal
imaging camera. Water was applied as a control under the same
experimental conditions.

Photodynamic property of nanothylakoids
The photodynamic property of nanothylakoids was confirmed
by detecting the production of ROS. 2′,7′-Dichlorofluorescein
(DCFH) was used as an ROS probe. Briefly, nanothylakoid
solution (10 μg mL−1) containing DCFH (40 μmol L−1) was
irradiated with a 655-nm laser or white light (10 mW cm−2) for
7 min, and the fluorescence intensity at 525 nm was recorded
with the excitation wavelength of 488 nm.

Peroxidase-like catalytic activity of nanothylakoids
The peroxidase activity of freshly isolated nanothylakoids was
confirmed by detecting ·OH with the ultraviolet-visible (UV-vis)
absorption of 3,3′,5,5′-tetramethylbenzidine (TMB). The
absorption spectra of sodium acetate (NaAc) buffer
(50 mmol L−1, pH 4.7) containing nanothylakoids (20 μg mL−1),
H2O2 (50 mmol L−1), and TMB (330 μmol L−1) were measured
for 10 min every 2 min. The NaAc buffer (50 mmol L−1, pH 4.7)
containing nanothylakoids/TMB, nanothylakoids/H2O2, and
TMB/H2O2 was used as control under the same experimental
conditions.

In vitro dark cytotoxicity of nanothylakoids
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was employed to evaluate the dark and photo-
therapeutic toxicity of nanothylakoids. Briefly, for the dark
toxicity of nanothylakoids, HPF, MCF-7, and 4T1 cells were
seeded in 96-well plates at a density of 5 × 103 cells/well and
cultured in the corresponding medium at 37°C for 12 h. Then,

Scheme 1 Scheme of plant leave-inspired nanothylakoids for multimodal phototheranostics.
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the medium containing nanothylakoids (0, 2.5, 5, 10, 20, 40, 80,
and 100 μg mL−1) was utilized to treat the cells at 37°C for 24 h.
The medium was discarded and MTT (0.5 mg mL−1,
100 μL well−1) was added to the wells followed by incubation at
37°C for another 4 h. The supernatant was removed and dime-
thyl sulfoxide (DMSO, 100 μL per well) was added to dissolve
the produced formazan. After shaking the plates for 3 min, all
the absorbance of the wells was read with a microplate reader at
570 nm. The cell viability rate (VR) was calculated according to
the following equation:

A AVR = / × 100%, (1)0

where A was the absorbance of the experimental group and A0
was the absorbance of the control group, where control groups
were carried out without nanothylakoids.

In vitro phototherapeutic cytotoxicity of nanothylakoids
MCF-7 and 4T1 were seeded in 96-well plates at a density of 5 ×
103 cells/well and cultured in the corresponding medium at 37°C
for 12 h. Then, the medium containing nanothylakoids
(20 μg mL−1) was utilized to treat the cells at 37°C for 6 h. The
cells were irradiated with or without 655-nm laser (0.8 W cm−2)
for 5 min. After the irradiation, the cells were cultured for 24 h.
Then the medium was discarded and MTT (0.5 mg mL−1, 100 μL
per well) was added to the wells followed by incubation at 37°C
for another 4 h. The supernatant was removed and DMSO
100 μL well−1) was added to dissolve the produced formazan.
After shaking the plates for 3 min, all the absorbance of the wells
was read with the microplate reader at 570 nm. The cell VR was
calculated according to the above equation. For white light-
triggered PDT of nanothylakoids to tumor cells, the procedure
was identical except for the cells irradiated with or without white
light (20 mW cm−2) for 30 min.

Live/dead cell imaging
4T1 cells and MCF-7 cells were seeded in confocal dishes at a
density of 2 × 105 cells/well and cultured at 37°C for 12 h. Then,
cells were treated with 20 μg mL−1 nanothylakoids or phosphate
buffer saline (PBS) at 37°C for 6 h. The cells were subjected to
dark or irradiated with 655-nm laser (0.8 W cm−2) for 5 min.
After the irradiation, the cells were cultured for another 24 h.
After removing the medium, the cells were incubated with the
fresh medium containing calcein-AM/PI for 30 min at 37°C. The
cells were washed with PBS three times after removing the
culture medium. Confocal images were then acquired. For white
light-triggered PDT, the procedure was identical except for the
cells irradiated with or without white light (20 mW cm−2) for
30 min.

Intracellular H2O2 imaging
HPF, 4T1, and MCF-7 cells were seeded in confocal dishes at a
density of 8 × 104 cells/well and cultured in the corresponding
medium at 37°C for 12 h. Then, the cells were treated with
6 μmol L−1 dihydroergotamine 123 at 37°C for 30 min, and
washed with PBS three times after removing the culture medium
followed by taking confocal images.

In vivo mouse tumor model
All animal experiments were performed under the Guide for the
Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee in compliance

with Chinese law for experimental animals. BALB/c nude mice
(female, 4–6 weeks, 15–18 g) were commercially obtained from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mouse tumor model was established by injecting
200 μL of 4T1 or MCF-7 cell suspension with a concentration of
5 × 106 cells mL−1 on the right hip of each nude mouse. In vivo
animal experiments were performed when the tumor volume
was above 60 mm3. The length (A) and width (B) of the tumor
were measured by a vernier caliper. The tumor volume was
calculated according to the following equation:

( )V A B= × / 2. (2)tumor
2

In vivo photothermal conversion
Tumor-bearing nude mice were in situ injected with saline
(200 μL) or nanothylakoid solution (200 μL, 300 μg mL−1). At
1 h post-injection, the tumor sites were irradiated with laser
(655 nm, 0.8 W cm−2) for 10 min. During the irradiation pro-
cess, temperature changes were recorded with the Ti400 thermal
imaging camera.

In vivo phototherapy of nanothylakoids
Tumor-bearing nude mice were randomly divided into four
groups (n = 5). The tumor-bearing nude mice were subjected to
laser irradiation (655 nm, 0.8 W cm−2) for 10 min post in situ
injections of nanothylakoid solution (200 μL, 300 μg mL−1). The
nude mice with injection of saline (200 μL), the nude mice with
laser irradiation post-injection of saline (200 μL), and the nude
mice with injection of nanothylakoid solution (200 μL,
300 μg mL−1) were used as control groups. The body weight and
tumor volume of the nude mice in each group were monitored.
At the end of the treatment, the nude mice were sacrificed, all
tumors from the four groups were harvested for evaluating the
antitumor efficiency, and the major organs (including heart,
liver, spleen, kidneys, and lung) were collected for hematoxylin
and eosin (H&E) staining.

RESULTS AND DISCUSSION
Nanothylakoids were isolated from spinach leaves with a simple
and biocompatible “top-down” strategy [38]. The photophysical
properties of nanothylakoids were characterized and the results
are displayed in Fig. 1a. Due to the light-absorbing unites of
chlorophyll inserted in the thylakoid membranes [39], nano-
thylakoids exhibited strong absorption in the visible region of
400–550 nm and NIR region of 640–700 nm, which guaranteed
their prominent PDT and PTT capabilities. And a characteristic
emission spectrum in the range of 650–800 nm is presented.
Dynamic light scattering (DLS) and zeta potential data revealed
the size of nanothylakoids dispersed in water was 80 ± 10 nm
with a negative charge of −31 mV, and the size was well con-
sistent with transmission electron microscopy (TEM) results
(Fig. 1b, c). The POD-like catalytical activity of nanothylakoids,
catalyzing H2O2 into highly cytotoxic ·OH, was evaluated by the
oxidation of TMB upon addition of H2O2 (Fig. 1d). As shown in
Fig. 1e and f, in the presence of H2O2, the absorbance at 680 nm
of nanothylakoids/TMB solution increased in a time-dependent
manner due to the gradual formation of the oxidated charge-
transfer complex. For the control groups, the absorbance of
nanothylakoids/TMB, nanothylakoids/H2O2, and TMB/H2O2
solutions remained rarely changed (Fig. 1f and Fig. S1). These
results confirmed the POD-like catalytic activity of nanothyla-
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koids. Natural enzymes and artificial nanozymes with POD-like
properties have been reported [40,41]. Compared with the
expensive natural enzymes with simple catalytical function,
nanothylakoids were easily obtainable, and integrated with PDT/
PTT multifunction, holding great promise in cancer therapy. In
addition, artificial nanozymes made from carbon materials and
metal complexes were limited in clinical use due to their
potential toxicities, while the spinach leave-derived nanothyla-

koids exhibited enhanced biosafety. Given the strong light-har-
vest ability in the NIR region (650–800 nm), the photodynamic
and photothermal conversion performance of nanothylakoids
under 655-nm laser irradiation was investigated subsequently.
The photodynamic property of nanothylakoids was demon-
strated via detecting the generated ROS with a DCFH probe. As
illustrated in Fig. 1g, nanothylakoids/DCFH solution showed an
obvious fluorescence increment under laser irradiation (655 nm,

Figure 1 Material property characterizations and POD-like, photothermal/photodynamic activities of nanothylakoids. (a) Normalized absorption and
emission spectra, (b) DLS (inset: TEM image of nanothylakoids), and (c) zeta potential of nanothylakoids in aqueous solution. (d) Illustration of the POD-like
enzymatic reaction of nanothylakoids for converting TMB into blue products in the presence of H2O2. (e) Absorption spectra of nanothylakoids/TMB solution
after addition of H2O2. (f) Time-dependent absorbance changes at 680 nm in (e). (g) Fluorescence spectra of DCFH solution with nanothylakoids upon laser
irradiation (655 nm, 10 mW cm−2). (h) Fluorescence rise rate of DCFH alone (control) and DCFH with nanothylakoid under laser irradiation (655 nm,
10 mW cm−2). (i) Temperature-changing and (j) the corresponding infrared thermal images of various concentrations of nanothylakoids and water upon laser
irradiation (655 nm, 0.5 W cm−2). (k) Schematic illustration of the multimodal functions (POD-like activity, PDT, and PTT) of nanothylakoids.
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10 mW cm−2). The NIR laser-triggered ROS generation of
nanothylakoids was significantly higher than that of the control
group of DCFH with 655-nm laser irradiation, reinforcing the
excellent PDT effect of nanothylakoids (Fig. 1h). Besides, con-
sidering the absorption in the visible light region, the photo-
dynamic property of nanothylakoids under white light
irradiation was also assessed. As shown in Fig. S2, the fluores-
cence intensity of nanothylakoids/DCFH solution under white
light irradiation (10 mW cm−2) exhibited a time-dependent
increment, which further verified the excellent PDT activity of
nanothylakoids. Moreover, the photothermal conversion of
nanothylakoids was investigated. As shown in Fig. 1i, various
concentrations of nanothylakoids displayed significant photo-
thermal conversion effect upon laser irradiation (655 nm,
0.5 W cm−2), and the temperature of nanothylakoid solution
indeed raised with the increment of concentrations and exten-
sion of irradiation time. With the concentration of 60 μg mL−1,
the temperature of the nanothylakoid solution increased to
nearly 65°C after 5 min of irradiation. Even with a low con-
centration of 5 μg mL−1, the photothermal conversion effect was
still obvious. Under the identical conditions, there was negligible
temperature increment for water, demonstrating the excellent
photothermal conversion capability of nanothylakoids. The
photothermal conversion efficiency (PCE) was calculated to be
30.8% [42]. The near-infrared thermal images (Fig. 1j) mon-
itored the concentration-dependent and irradiation time-
dependent photothermal temperature elevation process, which
was well consistent with the results in Fig. 1i. These results
validated that nanothylakoids could be a promising biomedical
material for enzymic PDT/PTT multimodal cancer photo-
therapies.

The inherent cytotoxicity of nanothylakoids was evaluated
before assessing their phototherapeutic effect against cancer
cells. As shown in Fig. 2a, normal HPF cells exhibited a high cell
survival rate treated with various concentrations of nanothyla-
koids, indicating the biocompatibility of nanothylakoids to
normal cells. It was noted that the dark toxicity of nanothyla-
koids to cancer cell MCF-7 was significantly higher than that of
HPF and 4T1, which motivated us to gain deep insight into the
mechanism of the selectivity. Since the nanothylakoids with
POD-like activity could catalyze the oxidation of H2O2 to highly
toxic ·OH and lead to the cell apoptosis, the selective cytotoxicity
could be attributed to the overexpression of H2O2. An intracel-
lular H2O2 probe was utilized to directly visualize H2O2
expression inside of HPF, 4T1, and MCF-7 cells, respectively. As
shown in Fig. 2b, confocal laser scanning microscopy (CLSM)
images revealed that the fluorescence intensity distributed in
MCF-7 cells was higher and more uniform than that of HPF and
4T1 cells, which was consistent with the results in the literature
[43,44]. It could be concluded that the selective dark toxicity of
nanothylakoids towards MCF-7 was attributed to the POD-like
catalytic activity of nanothylakoids and the overexpression of
H2O2 (Fig. 2c). The selective killing of tumor cells of nanothy-
lakoids regulated by the tumor cell microenvironment held great
promise in designing targeted multimodal tumor therapeutic
agents.

Due to the multimodal therapeutic potentials demonstrated
above, the PDT/PTT-integrated phototherapeutic effect of
nanothylakoids on cancer cells was evaluated under 655-nm
laser irradiation. After incubation for 6 h, nanothylakoids loca-
ted inside or on the cell membrane of MCF-7 and 4T1 cells
(Fig. S3), and the generated ROS and heat of nanothylakoids

Figure 2 Cell toxicities of nanothylakoids towards HPF, 4T1, and MCF-7 cells without optical irradiation. (a) Cell viabilities of HPF, 4T1, and MCF-7 cells
after treatment with various concentrations of nanothylakoids. n = 6, mean ± SD, * P < 0.05; ** P < 0.01; *** P < 0.001. (b) CLSM images of HPF, 4T1, and
MCF-7 after treatment with intracellular H2O2 probe. (c) The proposed mechanism of the selective cell toxicity of nanothylakoids to MCF-7 cells in
comparison with HPF and 4T1 cells.
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upon laser irradiation are close enough to induce cell death. As
shown in Fig. 3a and c, in the absence of nanothylakoids, 4T1
and MCF-7 cells exposed to 655-nm laser (0.8 W cm−2, 5 min)
irradiation kept high cell viabilities (almost 100%), suggesting
the biosafety and noninvasiveness of laser as the optical ther-
apeutic tool. However, in the presence of nanothylakoids, the
cell survival rates of 4T1 and MCF-7 significantly decreased with
increasing concentration of nanothylakoids after laser irradia-
tion, exhibiting a concentration-dependent manner. Almost 80%
4T1 and more than 80% MCF-7 cancer cells were killed when
treated by 20 μg mL−1 nanothylakoids, and the killing efficiency
to MCF-7 was higher than that of 4T1 due to the dark toxicity of
nanothylakoids towards MCF-7. Live/dead cell CLSM images
were further utilized to visualize the phototherapeutic effect of
nanothylakoids. As shown in Fig. 3b, for 4T1 cancer cells, green
signal represented living cells for laser and nanothylakoids
group, indicating the high cell survival rate. While for the
phototherapeutic group, red signal in CLSM images represented
dead cells, demonstrating that 4T1 cancer cells were completely
killed after laser irradiation. The same results were also observed
for MCF-7 cancer cells, where nanothylakoids group exhibited
strong red signals of dead cells with laser irradiation (Fig. 3d). In

addition, nanothylakoids also exhibited a good PDT cancer cell
killing effect to 4T1 and MCF-7 cells upon white light irradiation
(Fig. S4). These results confirmed that nanothylakoids could be
utilized as promising PDT and PTT agents for cancer cell
therapy in vitro.

As NIR laser has better tissue penetration capacity than white
light, the in vivo nanothylakoid-based phototherapeutics trig-
gered by 655-nm laser was studied on the tumor-bearing nude
mouse model. 4T1 tumor-bearing nude mice were divided into
four groups, nanothylakoids with laser irradiation, saline with
laser irradiation, nanothylakoids, and saline. For nanothylakoids
with laser irradiation group, the nude mice were injected with
the nanothylakoid solution (200 μL, 300 μg mL−1) followed by
irradiation with 655-nm laser (0.8 W cm−2) for 10 min. Thermal
infrared images were collected during the phototherapeutic
process and the temperature variations in the irradiated-tumor
area were also monitored. As shown in Fig. 4a and b, for
nanothylakoids with laser irradiation group, the localized tem-
perature of the tumor sites increased to nearly 90°C after
10 min of laser irradiation, which was higher than that of the
other three groups. These results confirmed the robust in vivo
photothermal conversion effect of nanothylakoids. It is worth

Figure 3 Multimodal phototherapeutic effect of nanothylakoids to 4T1 and MCF-7 cancer cells in vitro. Cell survival rates of (a) 4T1 and (c) MCF-7 cells
after treatment with nanothylakoids upon laser irradiation (655 nm, 0.8 W cm−2) for 5 min. Live/dead CLSM images of (b) 4T1 and (d) MCF-7 cells with
various treatments (live: green, dead: red).
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noting that the temperature increments only occurred in the
irradiated tumor area, indicating the good spatiotemporal
selectivity and promising potential of the nanothylakoid-based
phototherapeutics. The tumor volume and body weight of the

4T1 tumor-bearing nude mice were monitored in the following
14 days. As shown in Fig. 4c and d, for the nanothylakoids with
laser irradiation group, the tumor was ablated entirely and no
relapse was found within 14 days. For the other three groups, the

Figure 4 Multimodal phototherapeutic effect of nanothylakoids on 4T1 tumor-bearing nude mice in vivo. (a) Infrared thermal images and (b) temperature-
changing curve of 4T1 tumor-bearing nude mice with or without nanothylakoid-treatment upon laser irradiation (655 nm, 0.8 W cm−2) for 10 min.
(c) Representative digital images of 4T1 tumor-bearing nude mice during the treatment process. (d) Relative tumor volume and (e) body weight changes of
4T1 tumor-bearing nude mice in the four treatment groups for 14 days. (f) H&E staining of the major organs dissected from the mice at day-14 after various
treatments. Scale bar: 100 μm.
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tumors were growing up along with time without any inhibition.
The body weights of all nude mice in the four groups changed
negligibly, indicating the minimal toxicity of nanothylakoids to
mice and good biosafety of the therapeutic conditions in vivo
(Fig. 4e). After treatments, all the mice were euthanized for
histological analysis of the main organs. As shown in Fig. 4f,
H&E staining results displayed negligible systemic damage to the
main organs including heart, liver, spleen, lung, and kidney in all
groups after different treatments. These results highlight the
prominent therapeutics efficiency, good biocompatibility, and
biosafety of nanothylakoids as multimodal phototherapeutic
nanoplatforms for cancer treatment in living animals. MCF-7
tumor-bearing nude mouse model was also established for in
vivo phototherapeutic studies. As shown in Fig. S5a and b, for
the nanothylakoids with laser irradiation group, the temperature
of the tumor sites selectively increased to nearly 90°C, which was
significantly higher than that of the other three groups, and the
tumors were completely ablated without relapse within 12 days
during the treatment process (Fig. S5c, d). It should be noted
that compared with the saline group, a weaker tumor inhibition
effect was observed similar to the in vitro data for the nano-
thylakoids group, which may be due to the complicated
microenvironment of solid tumors (Fig. S5d). The negligible
change of mouse body weight and less damage to the main
organs of mice also verified the excellent biocompatibility and
noninvasiveness of the nanothylakoid-based treatment nano-
platform (Fig. S5e, f).

The plant leave-derived nanothylakoids with multimodal
therapeutic functions including PDT, PTT, and POD-like cata-
lytic activity exhibited high therapeutic efficiency and desired
biosafety. Different from the reported photosynthetic oxygena-
tion to improve tumor PDT effect so far [32–34], we directly
explored the plant-derived nanothylakoids as optically active
and catalytic therapeutic agents to enhance cancer treatment
efficacy, which provided more possibilities of natural materials
for tumor remedy. Besides, the widespread sources and simpli-
fied “top-down” fabrication strategy of nanothylakoids sig-
nificantly avoid the high-cost as well as tedious preparation and
purification procedures of natural enzymes together with arti-
ficially synthetic materials. Improving the photo energy con-
version and catalytical performances, the nanothylakoid-based
theranostic agent will maximize cancer therapy and further
broaden the category of bioinspired nanotheranostic tools.

CONCLUSIONS
In summary, we reported plant leave-derived nanothylakoids
with POD-like and photothermal/photodynamic activities for
multimodal cancer phototherapeutics with high therapy effi-
ciency and outstanding biosafety both in vitro and in vivo.
Importantly, a selective cytotoxicity of nanothylakoids on MCF-
7 cancer cells was found due to their overexpression of H2O2,
which facilitated the oxidation of H2O2 to the cytotoxic ROS and
thus caused efficient cell apoptosis. This work provides a con-
cept of plant-derived nanomaterials for multimodal cancer
therapeutics based on enzymatic nanothylakoids, holding great
promise for future clinical uses.
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天然来源的纳米类囊体应用于肿瘤的多模式治疗
赵浩1,2, 郭玉铎1, 袁安然1, 夏晟鹏1,2, 高志强1,2, 黄一鸣1*, 吕凤婷1*,
刘礼兵1,2, 王树1,2*

摘要 多模式联合治疗已成为抗肿瘤的有效手段, 但目前已报道的多
模式肿瘤治疗试剂通常需要复杂的功能组分和繁琐的合成过程. 因此,
开发一种简单制备的天然来源多模式肿瘤治疗试剂仍然是一个挑战.
本文从菠菜叶片中提取出了一种天然来源的、具有类酶性质的纳米类
囊体用于肿瘤的多模式治疗. 结果表明, 纳米类囊体具有良好的光热转
换和光敏化性质, 可以有效杀伤4T1和MCF-7肿瘤细胞. 同时, 该材料还
具有类过氧化物酶的性质, 可以氧化分解过氧化氢产生羟基自由基从
而诱导肿瘤细胞凋亡. 因MCF-7肿瘤细胞内过量表达过氧化氢, 该材料
可实现对MCF-7肿瘤细胞的选择性杀伤. 该纳米类囊体在细胞水平和
活体小动物水平对肿瘤具有显著的治疗效果, 且表现出良好的生物安
全性. 研究表明, 该纳米类囊体具有光热转换、光敏化、类过氧化物酶
的性质, 是一类很有应用前景的多模式肿瘤治疗试剂.
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