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ABSTRACT: The easy recurrence and high metastasis of fatal tumors require the
development of a combination therapy, which is able to overcome the drawbacks
of monomodal strategies such as surgery, photodynamic therapy (PDT), and
radiotherapy (RT). Taking the complementary advantages of PDT and RT, we
present herein the integration of lanthanide-doped upconversion nanoparticles
(UCNPs) with chlorin e6 (Ce6)-imbedded RBC membrane vesicles as a near-
infrared-induced PDT agent for achieving synchronous depth PDT and RT with
reduced radiation exposure. In such a nanoagent, gadolinium-doped UCNPs with
strong X-ray attenuation ability act not only as a light transductor to activate the
loaded photosensitizer Ce6 to allow PDT but also as a radiosensitizer to enhance
RT. PDT with enhanced low-dose RT can achieve synergistic inhibition of tumor
growth by producing reactive oxygen species to destroy local tumor cells and
inducing strong T-cell-dependent immunogenic cell death to arrest systemic cancer
metastasis. This combination of PDT and RT might be a potential appealing strategy for tumor eradication.
KEYWORDS: upconversion nanoparticle, photodynamic therapy, radiotherapy, radiosensitization, tumor metastasis
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1. INTRODUCTION
Currently, cancer treatment centers around surgery, radio-
therapy (RT), and chemotherapy. Among them, radiation
therapy, including external beam radiation therapy and internal
radioisotope therapy, has provided a potent local treatment
method to prolong 3 and 5 year survival rates in patients.1−3

However, suffering from the low tissue selectivity and strong
penetration ability of ionizing radiation, the therapeutic
efficiency is usually compromised by insufficient energy
deposition in the tumor region and undesirable toxicity to
normal tissues.4−6 In this context, photodynamic therapy
(PDT) with high specificity and controllability has been
proposed to be combined with RT to improve treatment
outcome.4,7−10 This is mainly because PDT can exclusively
transfer light energy to the tumor region, and the on−off status
of PDT can be easily manipulated by tuning the light irradiation.
In addition, the introduction of PDT can effectively reduce the
radiation dose of regular RT.

PDT consists of three components: light source, photo-
sensitizers, and oxygen.11−13 It works by light excitation of
photosensitizers, which in turn generates reactive oxygen species
(ROS), such as singlet oxygen (1O2), in the presence of
oxygen.11−13 ROS can directly destroy tumor cells and the
surrounding vasculature, resulting in obvious tumor ablation. Of

note, PDT can activate systematic antitumor immune responses
secondary to the primarily induced necrosis and/or apoptosis of
tumor cells,14 leading to enhanced immune cell infiltration and
tumor antigen presentation,10,14−16 which promotes the priming
of tumor-specific T lymphocytes that are able to recognize and
destroy tumor cells at primary and distant sites.17,18 Among the
selectable photosensitizers, Ce6 has been extensively reported as
a highly efficient organic photosensitizer.11 However, the
absorbance of Ce6 always falls in the visible light region,
where the light tends to be depleted through its penetration in a
corporeal system and thus is suboptimal to reach targets,
especially for deep-seated targets.4

For the purpose of breaking light-associated restrictions,
upconversion nanoparticles (UCNPs) have emerged to offer a
promising avenue to achieve effective PDT with reduced side
effects.19−22 Figuratively speaking, UCNPs act as internal energy
transductors to convert low-energy photons to high-energy
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photons via the so-called anti-Stokes process, which can be
performed by low-power and incoherent excitation sources.23,24

As near-infrared (NIR) light (700−1300 nm) with a penetrating
depth of several centimeters is accepted as the optimal exciting
light,25,26 NIR-controlled photodynamic therapies using
UCNPs for energy transfer have ranked out among diverse
precision treatment methods due to their noninvasiveness and
high specificity.11,24,27−29 In NIR-controlled UCNP-based PDT
implementation, NIR light is absorbed by UCNPs to emit visible
light, followed by the absorption of visible light by photo-
sensitizers and subsequent excitation for ROS production.29 It
has been reported that the emission spectra of NaGdF4:Yb,Er
UCNPs match well with the absorption spectra of the
photosensitizer Ce6, leading to potent activation of Ce6 to
produce ROS for exerting a tumor killing effect.30 Moreover,
benefiting from the high-Z element Gd, the Gd-doped UCNPs
possess powerful high-energy ionization radiation absorption
ability to increase the intracellular radiation energy deposition,
which prompts the popular exploration of Gd-based nanoma-
terials as radiosensitizers in recent years.31,32

With the aim of improving the biocompatibility of UCNPs
that are supposed to be present in tumors simultaneously with
photosensitizers before being subjected to laser irradiation, we
took advantage of red blood cell (RBC) membrane camouflaged
technology, which not only endows UCNPs with immune
escape capability but also provides an ideal carrier for abundant
loading of hydrophobic organic photosensitizers.33−37 Liu et al.
previously uncovered that Ce6 could be decorated into the RBC
membrane upon simple mixing without affecting the membrane
integrity and stability in the dark.38 In addition, there is great
possibility for RBC membrane-coated nanoparticles to enter
wide clinical use when it comes true that type-matched RBCs are
used as membrane sources to maximize biocompatibility.35

Overall, the combination of Ce6-embedded RBC membranes
and UCNPs represents a rational design to achieve coordinated
RT and PDT triggered by NIR lasers.

Herein, R/C/N are constructed by coating Gd-doped
UCNPs (NaGdF4:Yb,Er) with a Ce6-loaded RBC membrane

(Scheme 1). In such a nanoagent, while NIR-controlled
upconversion luminescence of UCNPs can activate Ce6 to
allow PDT, UCNPs containing gadolinium increasing the
intracellular deposition of radiation energy could act as a
radiosensitizer to enhance RT. As expected, the as-prepared R/
C/N nanoparticles exhibit excellent stability and biocompati-
bility in physiological medium, making them appropriate for
further applications. Upon NIR laser excitation, the R/C/N
nanoparticles are able to produce abundant ROS for PDT.
Thereby, PDT can enhance RT-associated DNA damage in
tumor cells and promote tumor cell apoptosis. The combination
of PDT and RT can induce tumor-specific antigen release and
then effectively induce immunogenic cell death (ICD). Further
results of animal experiments demonstrate that R/C/N-
mediated PDT not only enhances the effect of RT to improve
treatment outcome without obvious biotoxicity but also
promotes T-cell-dependent antitumor immunity to suppress
tumor growth and metastasis. Therefore, our work presents the
great promise of R/C/N as a tumor therapeutic nanoplatform
for cancer treatment.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of R/C/N. First, we

synthesized NaGdF4:Yb,Er upconversion nanorods, as nanorods
penetrate tumors more rapidly than nanospheres, possibly due
to improved transport through pores.39 Jain et al. strongly
suggest that nanorods will be more effective drug carriers than
nanospheres for antitumor therapy,39 considering that even
small improvements in transport rates can bring significant
enhancements to therapeutic effectiveness.40 Furthermore, red
blood cell membranes were prepared by using the method
reported by Gao et al.33 and used to load hydrophobic
photosensitizer Ce6 via simple mixing, resulting in the RBC/
Ce6 complex (R/C) as the vehicle of UCNPs. Upconversion
nanocrystals were synthesized by a high-temperature approach,
and the resulting UCNPs were functionalized with PEG
molecules to endow them with excellent hydrophilicity for

Scheme 1. Illustration of the Synthesis of R/C/N and the Synergetic Antitumor Effect of PDT Combined with RT
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further processing in an aqueous solvent. The final fusion of the
as-prepared RBC/Ce6 complex and PEGylated UCNPs was
achieved via an extrusion method to obtain the R/C/N
nanoparticles.41

The morphologies of the UCNPs and R/C/N were
characterized using transmission electron microscopy (TEM),
as shown in Figure 1a,b, respectively. The prepared UCNPs
were well-dispersed nanorods with an average diameter of 36.1
± 7.3 nm and an aspect ratio (i.e., length to diameter) of ∼2.
Upon coating, the obtained R/C/N exhibited a similar rod
shape with a slightly larger diameter of 44.8 ± 5.3 nm and a clear
layer of membrane structure. The thickness of the outermost
shell was estimated to be 8.2 ± 2.1 nm from the TEM images,
which was consistent with the thickness of the regular RBC
membrane,36 indicating successful encapsulation of UCNPs by
the RBC bilayer membrane vesicles. Meanwhile, a thickness less
than 10 nm is small enough to make sure that the imbedded
photosensitizers are in proximity to the UCNPs for efficient
energy transfer.

To further verify the successful coating of the RBC
membrane, the hydrodynamic diameter and zeta potential of
the UCNPs and R/C/N nanoparticles were measured. The
dynamic light scattering (DLS) data revealed that UCNPs have
an average size of 78.8 nm, while R/C/N nanoparticles exhibited
an increased average size of 91.3 nm attributed to the existence
of the RBC membrane (Figure 1c). In addition, zeta potentials
were found to be −3.5 ± 0.2 mV, −12.4 ± 0.7 mV, and −10.7 ±
1.0 mV for UCNPs, R/C, and R/C/N, respectively (Figure 2d),

reflecting a shift of the surface charges after coating with RBC
membrane vesicles which possess a more negative surface charge
than UCNPs. R/C/N and Ce6 emitted the same emission
fluorescence at 660 nm under excitation with a 405 nm laser,
which verified that Ce6 was successfully loaded on the
erythrocyte membrane (Figure S2a). Considering that RBC
membrane proteins play a vital role in immune evasion, the
retention of membrane proteins on R/C/N nanoparticles was
analyzed by sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE). Using the RBC lysate and RBC vesicles
as parallel controls, the protein stripes of R/C/N presented very
matched protein bands, as demonstrated in Figure 1e, which
confirmed the preservation of membrane proteins during the
purification and washing steps.

The fluorescence emission spectrum of R/C/N was recorded
under excitation of a 980 nm laser. The results showed two
remarkable emission peaks at 540 and 655 nm (Figure S2b). The
UV−vis−NIR spectra of R/C/N nanoparticles peaked at 660
nm, which was very close to the emission peak under 980 nm
light triggering (Figure S2b,c). The good overlap of the emission
and absorption spectra of R/C/N nanoparticles implied that the
upconversion photons from UCNPs encapsulated inside could
be efficiently absorbed by the proximate Ce6 on the RBC
membrane. Further monitoring for several days the hydro-
dynamic size, the zeta potential and fluorescence intensity
demonstrated that the resulting UCNPs and R/C/N possessed
excellent colloidal stability and fluorescent stability in an

Figure 1. Synthesis and characterizations of R/C/N. (a) TEM image of R/C/N (scale bar = 50 nm). (b) Diameter/thickness histograms of membrane,
UCNP, and R/C/N. (c) Hydrodynamic size distribution profiles of UCNPs and R/C/N. (d) Zeta potential of UCNPs, R/C, and R/C/N. (e) SDS−
PAGE analysis results of RBC lysate, RBC-derived vesicles, and R/C/N. (f) Hydrodynamic size, (g) zeta potential, and (h) fluorescence stability of R/
C/N.
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aqueous solution (Figures 1f,g and S3) and thus were eligible for
in vivo applications.
2.2. In Vitro PDT and Cytotoxicity of R/C/N. As discussed

above, R/C/N was successfully constructed to act as a potential
nanotransductor of light for Ce6 activation on the basis of the
close combination and overlapping emission and absorption
spectra of Ce6 and UCNPs. Adequate ROS, particularly singlet
oxygen 1O2, is a prerequisite for an efficient PDT process. We
used 1,3-diphenylisobenzofuran (DPBF) as a fluorescence
probe to detect extracellular 1O2 generation, which displayed
absorbance loss at approximately 410 nm in the presence of
ROS. As shown in Figures 2a and S4, the control, RBC vesicles +
NIR laser, and R/C/N groups had no significant decrease in
absorbance, indicating no significant ROS production. In
contrast, there was a remarkable decrease in absorbance in the
R/C/N + NIR laser group, evidencing the strong extracellular
generation of ROS upon continuous NIR irradiation of R/C/N.

Prior to further examination of the potential of R/C/N
nanoparticles in PDT, the biosafety issue, which is of very first
importance for in vivo applications, needs to be addressed. To
this end, we used normal somatic cells, 3T3 cells, as a cell model
to evaluate the biocompatibility of R/C/N using typical MTT

assays. The results revealed that the cell viability rates were over
80% after incubation for 12 h and 24 h at concentrations below
200 μg mL−1 (Figure 2b), demonstrating a negligible toxicity of
R/C/N to normal cells. For living cells, 2′,7′-dichlorofluorescin
diacetate (DCFH-DA) was used to detect intracellular ROS.
Once diffused into cells, DCFH-DA is hydrolyzed into a
nonfluorescent compound (DCFH), which can be oxidized by
ROS to produce highly fluorescent 2′,7′dichlorofluorescein
(DCF). In comparison to the cells treated with R/C/N without
NIR laser irradiation, those that were incubated with R/C/N
followed by exposure to NIR laser light (980 nm) showed
markedly increased DCF fluorescence signals, confirming the
production of intracellular ROS. In addition, the increased
fluorescence signals positively corresponded to the incremental
concentration of R/C/N (Figure 2c). The intracellular ROS
level was further assessed by confocal laser scanning microscopy.
Figure 2d shows that the green fluorescence induced by ROS
was very weak in cells incubated with Ce6 and subjected to NIR
(980 nm) laser irradiation. The reason is that Ce6 cannot
directly utilize NIR light for ROS generation. However, it was
found that R/C/N excited by the NIR laser caused a much
stronger ROS-induced fluorescence intensity in cells by taking

Figure 2. In vitro PDT with R/C/N. (a) Comparisons of ROS production among control and R/C/N group, RBC vesicle, and R/C/N groups
following NIR laser irradiation at 980 nm (0.25 W cm−2), as determined by the decay in DPBF absorbance, which was measured at its peak intensity of
410 nm. (b) Cell viability of 3T3 cells after various treatments indicated as evaluated by the standard MTT assay. (c) Concentration-dependent ROS
generation by R/C/N under 980 nm laser irradiation. (d,e) Confocal fluorescence images (d) and ROS generation (e) of cells after NIR (980 nm, 10, 1
min interval, and 0.25 W cm−2) laser light irradiation (scale bar = 100 μm). (f) Cell viability of 4T1 cells after various treatments evaluated by the
standard MTT assay. Values are means ± SDs, n = 3, ns > 0.05, **P < 0.01, and ***P < 0.001.
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the cells solely treated with R/C/N as a parallel control, which
was attributed to the UCNP acting as a light transductor to
activate Ce6. The generation of ROS in cells was further
quantified, as shown in Figure 2e. All these results confirmed
that R/C/N is capable of considerably elevating ROS levels
upon NIR triggering (Figure 2a,c−e). Following this con-
firmation, the R/C/N-based PDT effect was verified from the
cellular viability via MTT assay on 4T1 tumor cells. Cell viability
data revealed significantly reduced cell viabilities for 4T1 cells
incubated with R/C/N after exposure to the NIR laser (10, 1
min interval, and 0.25 W cm−2), in marked contrast to the
nonirradiated cells, which showed no obvious cell death (Figure
2f). In addition, R/C/N resulted in concentration-dependent
cell destruction upon NIR light exposure. Obviously, R/C/N
had a remarkable photodynamic effect in tumor cells, making it a
promising biomimetic nanoplatform for NIR laser-induced R/
C/N-mediated PDT applications.
2.3. PDT Enhancement Effect on RT. Apart from the

verification of the PDT effect, the potential of R/C/N for acting
as effective radiosensitizers for RT was also investigated. Clone
survival experiments were conducted to quantitatively evaluate
the radiosensitization effect of R/C/N and PDT for 4T1 cells.
According to the survival curves displayed in Figure 3a, under
the same X-ray exposure, the colony formation derived from
cells treated with the R/C/N + NIR laser markedly decreased in
comparison to the cells that did not receive R/C/N treatment or
NIR laser irradiation, suggesting a strong radiosensitivity
enhancement of cells resulting from R/C/N + NIR laser
treatment. This result was also reflected in the mean lethal dose
(D0) of X-rays, as the D0 value of the R/C/N + NIR + X-ray
group was determined to be 1.11 Gy, smaller than that of the R/

C/N + X-ray group and X-ray group, which was 1.69 and 2.24
Gy, respectively, following the order of R/C/N + NIR + X-ray <
R/C/N + X-ray < X-ray. Because theD0 value is inversely related
to radiosensitivity, it is reasonable to conclude that the
radiosensitivity of 4T1 cells is improved not only by the
UCNPs but also by the UCNP-induced PDT.

This argument was further proved by the immunofluor-
escence assay of γH2AX whose expression level reflects the
DNA breakage caused by X-rays. As shown in Figures 3b and S5,
although R/C/N itself did not cause DNA damage, as there was
almost no fluorescence spot found in the R/C/N group, similar
to the case of the control group, it could greatly promote DNA
damage by X-ray triggering, as illustrated by the increased
stained γH2AX in the R/C/N + X-ray group compared to that in
the X-ray group. More importantly, compared with the R/C/N
+ NIR and R/C/N + X-ray groups, the R/C/N + NIR + X-ray
group demonstrated the highest γH2AX foci, which indicated
that the PDT process could also enhance RT-associated DNA
damage in 4T1 cells and thereby lead to an improved killing
effect on tumor cells. Furthermore, we used flow cytometry to
examine the apoptosis effect of tumor cells. The results indicated
that PDT could promote tumor cell apoptosis no matter if
applied alone or combined with RT (Figure S6).

To study whether PDT alone or combined with RT can elicit
ICD by triggering dying tumor cells to generate damage-
associated molecular patterns, the biomarkers including the
translocation of calreticulin (CRT) and the release of high-
mobility group box 1 (HMGB1) of ICD were detected. The
results in Figure 3c,d showed that PDT + RT treatment induced
significantly increased expression of CRT and HMGB1
compared with the control and PDT groups. Therefore, R/C/

Figure 3. In vitro PDT combined with RT. (a) Cell viability for RT, R/C/N + RT, and PDT + RT on 4T1 cells. 4T1 cells were incubated with R/C/N
(60 μg mL−1), followed by varied doses of X-ray radiation (0, 2, 4, 6, and 8 Gy) and NIR irradiation (10, 1 min interval, and 0.25 W cm−2). (b−d) 4T1
cells were incubated with R/C/N (60 μg mL−1), followed by X-ray radiation (4 Gy) and NIR irradiation (10, 1 min interval, and 0.25 W cm−2). (b)
DNA damage of 4T1 cells with different treatments. Values are means ± SDs, n = 3, **P < 0.01, ***P < 0.001. (c,d) In vitro CRT (c) and HMGB1 (d)
exposure of 4T1 cells treated with PDT or PDT + RT (scale bar: 100 μm).
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N-mediated PDT combined with RT can effectively induce
ICD.
2.4. Therapeutic Effect Assessment In Vivo. Encouraged

by the synergistic damaging effect of PDT and RT on tumor cell
viability, we performed in vivo antitumor experiments on 4T1
tumor-bearing mice. Before in vivo therapy, a histochemical
staining method based on chlorophosphonazo III for analyzing
rare-earth (RE3+) in tissues was applied to monitor the R/C/N
concentration in tumors and optimize the therapeutic time
point.42 According to the RE3+ concentration-dependent color
changes of the standard solution and the staining images of
tumor sections shown in Figure S7, 12 h postinjection was
apparently the best time point for tumor therapy. In other words,
at 12 h, the tumor region had the most desirable accumulation of
R/C/N to allow the full exertion of the PDT process and
radiosensitization effects.

Based on the above results, 4T1 tumor-bearing BALB/c mice
were randomly divided into six groups and subjected to different

treatments. The tumor volume of mice (Figure 4a,b) was
monitored for weeks to evaluate the therapeutic efficacy of
various treatments. On days 3−8, mice treated with only R/C/N
did not exhibit an inhibitory effect on tumor growth compared
with the control group, but with the help of the NIR laser, the
tumor growth rate was obviously decreased due to the laser-
induced PDT process. Compared with the X-ray group, the
combination of R/C/N and X-ray was superior for slowing
tumor growth, which further validated the radiosensitization
effect of R/C/N. Among these various treatments, the R/C/N +
NIR + X-ray group had the most potent inhibitory effect on
tumors, with the smallest tumor volume all the time, proving the
remarkable synergistic effects of PDT and RT on tumor
regression. However, on days 9−15, except for the death of the
control and R/C/N groups, the R/C/N + X-ray group or the R/
C/N + NIR group also demonstrated limited inhibitory effects
due to the easy recurrence of fatal tumors. Moreover, although
the R/C/N + NIR + X-ray group did not eliminate the

Figure 4. In vivo therapeutic effect assessment. Twelve hours after tail vein injection of PBS or R/C/N (0.1 mmol Gd per kg body weight), the tumors
were irradiated by 6 Gy X-ray and/or NIR light (10, 1 min interval, 0.25 W cm−2). (a) IVIS images of tumor-bearing mice with different treatments. (b)
Corresponding growth curves of tumors in different groups of mice after treatments. (c) ROS generation in tumors treated with various treatments, as
assessed by flow cytometry and (d) their corresponding MFI analysis. Values are means ± SDs, n = 3, **P < 0.01, ***P < 0.001. (e) Pathological
analysis of tumor sections (scale bar = 50 μm). (f) Representative images for Ki67 and TUNEL staining of tumor sections (scale bar = 100 μm).
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malignant primary tumor, it greatly prolonged survival, leaving
the largest treatment chance.

To better understand the above in vivo therapy results, the
ROS level in the tumor tissues was determined based on the
well-accepted knowledge that ROS-mediated DNA breakage
predominates in cell death initiated by either PDT or RT.8,43

Herein, flow cytometry was used to evaluate ROS production in
tumor tissues. The tumors with different treatments were
isolated and digested, and then the obtained tumor cell
suspensions were incubated with DCFH-DA to detect ROS
generation according to the fluorescence signal of DCF.
Fluorescence-activated cell sorting files and their corresponding

Figure 5. Inhibition of tumor metastasis. (a,b) H&E staining of liver metastasis (a) (indicated by white arrows) and lung metastasis (b) (indicated by
the black line) in 4T1-tumor-bearing mice after various treatments (scale bar = 200 μm). (c,d) Representative flow cytometry plots of CD8+ T cells and
CD4+ T cells in tumor-infiltrating CD3+ lymphocytes in (c) 4T1 tumors and (d) PBMC from mice after various treatments for 3 days. (e,f)
Quantification of CD8+ T cells and CD4+ T cells as a percentage of CD3+ lymphocytes in (e) 4T1 tumors and (f) PBMC. Values are means ± SDs, n =
3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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mean fluorescence intensity (MFI) (Figure 4c,d) revealed that
the R/C/N + NIR + X-ray group had the strongest fluorescence
signal among all the treatments, which indicated the most
significant generation of ROS at the tumor site. From this
perspective, the impact of the R/C/N nanosystem on achieving
a combined treatment can be reasonably attributed to the
synergistic augmentation of ROS generation.

The pathological tumor tissue sections obtained 8 d after
treatment were used to further evaluate the treatment efficacy in
vivo (Figure 4e). As clearly found in hematoxylin and eosin
(H&E)-stained tumor sections, tumor tissues remained intact
and undamaged in both the control group and R/C/N group,
while an obvious damage occurred in the R/C/N + X-ray group.
Notably, such damage became much more significant when the
tissue was treated with R/C/N + PDT + X-ray, with the
observation of prominent late-stage apoptosis. The highest level
of tumor cell destruction shown in H&E staining slices further
confirmed and again emphasized the combined effect of PDT
and RT. In addition, we stained the tumor sections with Ki67
and TUNEL (Figure 4f). The statistical analysis results reflected
that with the aid of R/C/N nanoparticles within PDT and RT,
tumor cell proliferation was greatly inhibited, and tumor cell
apoptosis was promoted, thereby leading to an enhanced
antitumor effect (Figure S8). These results undoubtedly qualify
R/C/N as a potential radiosensitization PDT agent.

Meanwhile, no significant weight loss or abnormal behavior
was observed in the synergistic PDT and RT group (Figure S9).
In addition, the pathological evaluation of H&E-stained sections
from some important organs, such as the heart, kidney, and
brain, showed no signs of inflammation, necrosis, or other
damage, which further confirmed the excellent biosafety of the
combination of R/C/N-mediated PDT and RT (Figure S10).
To further study the toxicology of R/C/N, healthy female Balb/
c mice intravenously injected with R/C/N were sacrificed at 7
days for complete blood counting and serum biochemistry tests.
As shown in Figure S11, all the measured parameters of mice
treated with R/C/N fell within normal ranges compared to the
control. Considering the low retention of R/C/N in mouse
major organs, including the heart, liver, spleen, lung, kidney,
brain, stomach, small intestine, and large intestine, after 72 h, as
shown in Figure S12, it might be reasonable to predict that R/C/
N would not cause significant in vivo long-term toxicity.
2.5. Antitumor Metastasis Effect Evaluation. To

examine the effect of antitumor metastasis, the liver and lung
sections where tumor is prone to metastasize were collected for
H&E staining (Figure 5a,b) by sacrificing mice under various
treatments on the 8th day. The stained slices illustrated a similar
trend of change of tumor metastasis in lung and liver. In
addition, the statistical results of the number of pulmonary
metastatic nodules are shown in Figure S13. Compared to the
control group, the number of metastatic nodules was reduced to
a great extent in mice treated with R/C/N + NIR or R/C/N + X-
ray. Impressively, there is almost no tumor metastasis found on
mice treated with R/C/N + PDT + RT.

Recent studies have highlighted the potentials of PDT alone
or combined with RT to induce ICD of tumor (metastasis) by
potentiating the systemic immunity.18,44,45 Immunofluores-
cence images of representative tumors indicated that PDT
alone and combined with RT treatment did increase the
expression levels of CRT and HMGB1 compared to the controls
(Figure S14). Furthermore, CD8 and CD4,46,47 important
immune makers of the cytotoxic T lymphocytes (CTLs) and
helper T cells, respectively, were analyzed by flow cytometry

(Figure 5c,d) to evaluate the change of immune cells in both
primary tumors and peripheral blood mononuclear cells
(PBMCs) from mice after various treatments. Flow cytometry
analysis (Figure 5e,f) suggested the highest CTL infiltration in
both primary tumors (7.6%) and PBMCs (12.3%) after
treatment with R/C/N + NIR + X-ray, validating the essential
role of T-cell-mediated immune response to efficiently inhibit
tumor growth and metastasis. In detail, the recruitment of CTL
after PDT combined with RT was 1.3- and 2.4-fold higher than
RT and control groups in primary tumors, respectively. While in
PBMCs, the recruitment of CTL after combined therapy was
1.4- and 2.1-fold higher than RT and control groups,
respectively. In addition, R/C/N-mediated PDT combined
with RT triggered the most significant infiltration of helper T
cells in both primary tumors and PBMCs (Figure 5e,f), showing
1.4- and 1.7-fold higher than the RT group, respectively.
Consistently, the populations of both CTLs and helper T cells in
the spleen were most significantly elevated after R/C/N-
mediated PDT combined with RT (Figure S15). Therefore,
these data strongly validated that R/C/N-mediated PDT
combined with RT effectively boosted systemic antitumor T-
cell immunity over other monotreatment, which was the origin
of efficient inhibition of cancer metastasis.

3. CONCLUSIONS
In summary, we rationally designed a biomimetic nanoplatform
through a simple method for resolving the unsatisfying
antitumor efficiency issue existed in separate PDT and RT.
The as-constructed R/C/N nanoparticles were systematically
investigated, with all the in vitro and in vivo results clearly
demonstrating that R/C/N possesses superior photo-responsive
efficiency, strong high-energy ionization radiation absorption
ability, and excellent biocompatibility. These desirable proper-
ties allow them to realize sufficient generation of ROS, enhanced
radiosensitivity, and superior systemic immune response.
Taking all the results together, it becomes so encouraged that
R/C/N-mediated PDT combined with RT can not only impede
the growth of primary tumors but also arrest systemic metastasis
to lung and liver, which was not achievable for either
monotherapy. However, since the consumption of oxygen
during PDT and RT can induce tumor hypoxia and limit the
efficacy of these treatments, combining proper strategies to
increase oxygen delivery to the tumor microenvironment during
PDT and RT is a feasible approach that can further improve
therapeutic outcomes.
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