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A B S T R A C T

Immunotherapy assays using immunoadjuvants and tumor antigens could greatly increase the survival rates of
patients with malignant tumors. As effective carriers, metal-organic frameworks (MOFs) have been widely
utilized in cancer therapy due to their remarkable histocompatibility and low toxicity. Herein, we constructed a
multimodal imaging-guided synergistic cancer photoimmunotherapy by employing a specific MOF (MIL101-
NH2) as the core carrier; the MOF was dual-dressed with photoacoustic and fluorescent signal donors (in-
docyanine green, ICG) and immune adjuvants (cytosine-phosphate-guanine sequence, CpG) and named ICG-
CpG@MOF. This nanocarrier could passively target the tumor site through the EPR effect and achieve multi-
modal imaging (fluorescence, photoacoustic, photothermal and magnetic resonance imaging) of the tumor.
Synergistic cancer photoimmunotherapy was achieved via simultaneous photodynamic and photothermal
methods with 808 nm laser irradiation. ICG-CpG@MOF achieved the GSH-controlled release of immunoadjuvant
into the tumor microenvironment. Furthermore, the released tumor-associated antigen along with CpG could
induce the transformation of tumor cells from cold to hot by activating the immune system, which significantly
enhanced tumor cytotoxicity and achieved high cure rates with minimal side-effects. This strategy utilizing
multimodal imaging and synergistic cancer photoimmunotherapy provides a promising approach for the diag-
nosis and treatment of cancer.

1. Introductions

Malignant tumors have become the leading threat to public health
due to their high morbidity and mortality, and effective treatment of
advanced cancer remains a clinical challenge [1,2]. Radiotherapy and
chemotherapy, conventional first-line treatments, are troubled by
tumor recurrence and metastasis, because of the side effect and the
serious injury of host's immunity [3]. Recently, immunotherapy for
cancer treatment has emerged as a promising therapeutic modality for

recurrent or metastasized cancer, as it converts cold tumors into hot
tumors [4–7]. Immunotherapy aims to induce or expand the host's
anticancer immune response, which can distinguish the subtle differ-
ences between cancerous cells and healthy cells. In recent years, great
progress has been made in treating malignant tumors via activation of
the host's immune system, targeted cellular therapeutics [8–12], im-
mune checkpoint blockade [13–15], and therapeutic cancer vaccines
[16–19].

Despite significant advances in cancer immunotherapy, there are
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still limitations, such as individual differences, low response to treat-
ment, and severe side effects. Therefore, it is highly desirable to im-
prove the immune response rate and selectively destroy primary solid
tumors and metastatic lesions. In recent years, immunotherapy com-
bined with nanotechnology, defined as nanoimmunotherapy, has
shown promising performance for cancer therapy [19–30]. Among
these therapeutics, metal-organic frameworks (MOFs), as a crystal
material, has been widely studied in biomedical field [31–37]. MOFs of
nanosized iron carboxylate, especially MIL101(Fe), have attracted
considerable attention due to their excellent biocompatibility and bio-
degradability [38–40]. MOFs were used as an effective nanocarrier in
the context of drug delivery, targeted imaging and immune enhance-
ment [41]. Zhang et al. reported that a MOF loaded with CpG oligo-
nucleotides (CpG ODN), a Toll-like receptor 9 activator, could enhance
the immune response and imaging [42]. Yang et al. found thata code-
livery system for CpG ODN and a single tumor antigen based on anano
MOFcould elicit a potent anti-tumor cellular immune response [43].
However, there are still many limitations of MOF-mediated im-
munotherapy. Among these approaches, the immunotherapy strategy of
loading with tumor antigen cannot address the individual differences
and tumor heterogeneity of patients. In addition, the strategy of in situ
tumor immunity via loading with immune adjuvant lacks targeting and
easily causes the systemic immune overreaction. Therefore, it is of great
significance to develop precise immunotherapy guided by multimodal
imaging.

In this study, we constructed a multimodal imaging-guided sy-
nergistic cancer photoimmunotherapy by employing MIL101-NH2 dual-
dressed with photoacoustic and fluorescent signal donors (indocyanine
green, ICG) and immune adjuvants (CpG ODN) as the core carrier; this
tool was named ICG-CpG@MOF (Scheme 1A). ICG has both photo-
dynamic and photothermal effects under 808 nm laser irradiation.
Herein, ICG has dual functions as a trigger for the nanoparticle to in-
itiate light-mediated tumor therapy and as a tumor imaging contrast
agent. This nanocarrier (ICG-CpG@MOF) can passively target tumors

through enhanced permeability and retention (EPR), achieve multi-
modal imaging (fluorescence, photoacoustic, photothermal and MR
imaging) of tumors, and simultaneouslyachieve light-actuated tumor
therapy, including photodynamic and photothermal methods. After the
nanoparticles entered the tumor cells via amplified macropinocytosis,
the tumor cells could be killed by increased ROS accumulation when
808 nm laser irradiation was applied. Furthermore, ICG could directly
destroy tumor cells and lead to tumor antigen release due to the pho-
tothermal effect of ICG. The released tumor-associated antigen along
with CpG could induce the transformation of tumor cells from cold to
hot by activating the immune system, which significantly enhanced
tumor cytotoxicity and achieved high cure rates with minimal side ef-
fects (Scheme 1B). This strategy utilizing multimodal imaging-guided
synergistic cancer photoimmunotherapy provides a promising approach
for cancer diagnosis and treatment.

2. Results and discussion

2.1. Characterization of the functionalized MOF

We constructed a multimodal imaging-guided synergistic cancer
photoimmunotherapy by employing MIL101-NH2 dual-dressed with
photoacoustic and fluorescent signal donors (indocyanine green, ICG)
and immune adjuvants (CpG ODN) as the core carrier. This platform
was named ICG-CpG@MOF. Characterization of ICG-CpG@MOF was
first executed to verify the feasibility of the construction route. The
TEM (transmission electron microscope) and SEM (scanning electron
microscope) results in Fig. 1A and B demonstrated that MIL-101(NH2)
had a particle size of approximately 150 nm, and its particle size in-
creased after co-loading of ICG and CpG (Fig. 1C). Then, the feasibility
of ICG-CpG@MOF construction was investigated by atomic spectrum
analysis. The TEM elemental maps (Fig. 1D) showed the distribution of
C, N, P, S, and Fe on the same particle, which can be regarded as proof
of the co-occurrence of ICG (containing sulfur) and CpG (containing

Scheme 1. Schematic illustration for A.
Synthesis of ICG-CpG@MOF and B.
Mechanism of multimodality imaging
(photoacoustic, nuclear magnetic, fluores-
cence imaging) guided synergistic cancer
photo-immunotherapy. MIL101-NH2 is syn-
thesized by heating the mixture of FeCl3
and 2-amino-terephthalic acid (NH2-BDC).
The carboxyl-activated ICG was then con-
nected to the amino of MIL101-NH2

through the formation of amido bond. CpG
was bound to MIL101-NH2 by the effect of
the porous and electrostatic adsorption.
ICG-CpG@MOF enriched in tumor tissues
through the EPR effect, and photo-
immunotherapy was activated by 808 nm
laser.
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phosphorus). These results were further confirmed by fourier transform
infrared spectroscopy. As shown in Fig. 1E, the obvious stretching vi-
brations of carbonyl at 1620 cm−1 verified the conjugation of ICG.
Additionally, as shown in Fig. 1F, the gradual decrease in the zeta
potential of the MOFs, also indicated the loading of ICG and CpG ODN.
We also detected the excitation and emission spectra of ICG-CpG@
MOF. The experimental results are shown in Fig. 1G. The excitation
wavelength of the nanoparticles was 700–820 nm, and the fluorescence
emission wavelength was 810–880 nm. The results of the UV spectrum
comparison of MIL101-NH2 and ICG-MIL101-NH2 were consistent with
the above results (Fig. S1). Thus, the feasibility of the construction
route of ICG-CpG@MOF was verified.

To determine the loading efficiency of CpG ODN, 65 μg of CpG ODN
was coincubated with 1 mg of ICG-MIL101-NH2. After loading, the
content of free CpG ODN in the supernatant was measured to be ap-
proximately 15 μg. The loading efficiency was calculated to be ap-
proximately 76% (Fig. S2). We also measured the release efficiency
after GSH triggering, but the products of MOF degradation had an
impact on DNA measurement, and the value we measured was

significantly higher than the loading amount, with an A260/280 value
of 2.75. For this reason, agarose gel electrophoresis was used to mea-
sure the nucleic acid content in each component, and the loading effi-
ciency and release efficiency were calculated through grayscale analysis
(Fig. S3). The loading efficiency results obtained by the two methods
were consistent. As a mesoporous material, MIL101-NH2 can efficiently
adsorb molecules with diameters smaller than its pore diameters. For
this reason, the aperture distribution of the MIL101-NH2 was measured
by N2adsorption-desorption experiments, as shown in Fig. S4, with an
average pore size of 2.8 nm. As shown in Fig. S5, the adsorption value
of the material in the low-pressure area increased rapidly and there was
a corresponding plateau period, indicating that the material had a mi-
croporous structure. The absence of an adsorption equilibrium in the
high pressure region indicates that the material has a large pore
structure. These results were consistent with the aperture distribution
data. We speculated that CpG ODN could adsorbed to the interior of the
MOF through the microporous structure and the CpG ODN could be
released only after the MOF was decomposed. Then, we tested the re-
sponse of the material to glutathione (GSH). One milligram of MOF was

Fig. 1. Characterization of functionalized MOF. A. Morphology of MIL101-NH2 was observed by TEM. B. Morphology of MOF was observed by SEM. C. Particle
size change before and after modification of the MOF. D. Bright-field TEM image of ICG-CpG@MOF and relevant elemental mappings of C K edge, N K edge, P K edge,
S K edge, and Fe K edge signals. E. Fourier transform infrared spectroscopy (FT-IR) for ICG-MOF. F. Zeta potential change before and after modification of MOF. G.
Excitation and emission of ICG-CpG@ MOF.
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added to a glutathione solution at different concentrations and in-
cubated for 6 h, and then the change in particle size for each group was
measured. As shown in Fig. S6, glutathione promoted a decrease in
MOF particle size in a concentration-dependent manner. When the
concentration reaches 100 μM, the particle size of the MOF tends to
zero. The response of MOF to GSH can also be observed through color
changes. With the increase of GSH concentration, the color of MOF
becomes lighter (Fig. S7). The above results showed that the MOF had
reduced responsiveness and could degrade and release CpG in the
tumor microenvironment. We also tested the stability of MOF in dif-
ferent liquid environments. As shown in Fig. S8, the MOF was abnor-
mally stable in PBS and DMEM, with no significant change in particle
size within 24 h. However, in fetal bovine serum (FBS) or DMEM mixed
with 10% FBS, the particle size of MOF gradually decreased with in-
creasing time. These results indicate that MIL101-NH2 is biodegradable.
The materials have good biocompatibility.

2.2. Internalization of functionalized MOF in tumor cells

To determine whether the functionalized MOF without a targeted
tag can be internalized by tumor cells, fluorescein isothiocyanate (FITC)
was loaded on ICG-CpG@MOF (FITC-ICG-CpG@MOF) to evaluate its
internalization efficiency in tumor cells. After the fluorescence-labeled
MOF was incubated with 4T1 cells for a period of time (Fig. 2A, B and
S9), punctate distribution of fluorescence in the cells could be observed,
and the fluorescence intensity increased with increasing time, sug-
gesting that the internalization of the MOF was time dependent. This
phenomenon does not depend on specific receptors. Specifically, the
material is adsorbed to the surface of tumor cells due to its porous and
electrostatic nature and then internalized by tumor cells via endocytosis
or macropinocytosis. We found that the macropinocytosis inhibitor
EIPA significantly inhibited the internalization of ICG-CpG@MOF
(Fig. 2A). It has been reported that tumor cells are in a unique state of
hunger, and pinocytosis is significantly enhanced in these cells [44].
This will give the ICG-CpG@MOF the properties of passive tumor tar-
geting.

2.3. Photothermal and photodynamic therapeutic activities of the
functionalized MOF

To evaluate the performance of ICG-CpG@MOF as a photothermal
agent in aqueous solution, the temperature variation of ICG-CpG@MOF
was recorded at intervals after irradiation with NIR light (Fig. 3A and
B). These results showed that the temperature of ICG-CpG@MOF in-
creased sharply and reached equilibrium within 5 min after irradiation
with an 808 nm laser. These results are consistent with the photo-
thermal effect of ICG that was reported in other studies [45]. In addi-
tion, with increasing ICG-CpG@MOF concentration and laser power,
the rate of temperature increase was proportionally improved (Fig. 3B,
Fig. S10). Besides, the photothermal effects of ICG-CpG@MOF can be
effectively repeated with the switch of the 808 nm laser (Fig. 3C).

To verify the photodynamic effect, a probe for reactive oxygen
species (2′,7′-dichlorofluorescin diacetate, DCFH-DA) was incubated
with the cells in advance, and the changes in fluorescence intensity
were detected by fluorescence microscopy and flow cytometry im-
mediately after laser irradiation. As shown in Fig. 3D, laser irradiation
alone slightly increased intracellular ROS levels. However, the fluor-
escence intensity of cells incubated with ICG-CpG@MOF was sig-
nificantly enhanced after laser irradiation. The same results were ob-
tained by flow cytometry (Fig. 3E). The effects of laser irradiation on
the production of reactive oxygen species in cells have been discussed
in previous studies [46], but the phenomenon is not significant. Thus,
ICG-CpG@MOF is the main reason for the increase of reactive oxygen
species after laser irradiation.

2.4. Killing effect of tumor cells with ICG-CpG@MOF

To determine the safety of the ICG-CpG@MOF, cells were co-
cultured with 0–50 nM MOF for 48 h, and a CCK8 assay was used to
measure cell activity. The results revealed no direct cytotoxic effects of
ICG-CpG@MOF at 50 nM (Fig. S11). The optimal concentration which
used to detect the cell activity after 1.5 W/cm2 808 nm laser irradiation
was selected as 20 nM in the following experiments. It can be seen from
Fig. S12, laser irradiation alone had little effect on cell viability, while
cells incubated with ICG-CpG@MOF exhibited significantly reduced
cell viability after light exposure. This phenomenon may be attributed
to the photothermal and photodynamic effects of ICG. Cell death was
detected by flow cytometry apoptosis detection and Hoechst fluores-
cence staining. Annexin V/PI double staining showed that ICG-CpG@
MOF did not induce apoptosis, but apoptosis occurred when an addi-
tional laser was used (Fig. 3F). The statistical results showed that laser
irradiation after ICG-CpG@MOF treatment could trigger apoptosis of
70% of tumor cells, with a significant difference compared with the
control group (Fig. S13). As shown in Fig. 3G, ICG-CpG@MOF resulted
in cell death and peeling after laser treatment. We found that a laser
dose of 1 W/cm2 is not enough to make the cells peel off. However,
there is still a large amount of cell death, which may be attributed to the
photodynamic effect of ICG.

2.5. Effects of ICG-CpG@MOF on immune cells

As reported in previous research, nanoparticles can be taken up by
mononuclear macrophages in vivo [47]. Thus, we examined the effect of
ICG-CpG@MOF on primary peritoneal macrophage differentiation in
mice. As shown in Fig. 4A, B and S14, CpG promoted the expression of
CD80 (a membrane antigen necessary for T lymphocyte activation) in
macrophages. CD11c expression was also increased. Moreover, ICG-
CpG@MOF has a stronger activation effect on macrophages. This result
may be attributed to the fact that the MOF promotes the internalization
of CpG in macrophages. Moreover, the immune response was examined
after ICG-CpG@MOF was added. We isolated the spleen cells and ad-
ministered different stimuli (Fig. 4C and D and 4E), and then the dif-
ferentiation of suspended T cells and adherent cells was detected. The
results in Fig. 4C, D and S15 indicated that the CpG treatment promoted
the expression of CD80 and CD11c in adherent cells from the spleen,
while 4T1 cells inhibited the expression of CD80 and CD11c. After 4T1
cells were killed by ICG-CpG@MOF with laser irradiation and the
remnants were cocultured with spleen cells, the expression of CD80 and
CD11c in adherent cells was significantly increased. The differentiation
of T cells was also verified by flow cytometry. As shown in Fig. 4E and
Fig. S16, when the remnants after photothermal treatment were co-
cultured with spleen cells, CD4 and CD8 expression was significantly
changed, and CD8 expression was significantly enhanced. These results
indicated that the ICG-CpG@MOF nanoplatform could integrate pho-
todynamic therapy (PDT), photothermal therapy (PTT) and GSH trig-
gered immune adjuvant release to act as an in situ tumor vaccine, which
could generate excellent immune activation effects. More importantly,
after ICG-CpG@MOF treatment, macrophages differentiated into M1-
type cells, and T cells were transformed into CD8-positive cells, both of
which are considered major components of antitumor immunity.

Previous studies have shown that M1-type macrophages can inhibit
tumor growth [48]. CD80 is a typical M1-type marker, so we tested the
inhibitory effect of stimulated macrophages on tumor cells. The culture
medium of the CpG and ICG-CpG@MOF treatment groups inhibited the
activity of tumor cells. Flow cytometry showed that medium from CpG-
and ICG-CpG@MOF-activated macrophages could induce tumor cell
apoptosis (Fig. 5A). The apoptosis rate in ICG-CpG@MOF treatment
group was as high as 33.62%. This result was significantly higher than
that of the control group and also higher than that of the free CpG
group. This result may be due to the lower internalization efficiency of
free CpG than that of ICG-CpG@MOF in macrophage. CCK8 assay were
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also detected. As shown in Fig. 5B, the ICG-CpG@MOF treatment group
inhibited the activity of tumor cells. We then examined the response of
T cells to 4T1 cells in different treatment groups (Fig. 5C). We found
that T cells in the 4T1 treatment group and the 4T1 photothermal
treatment group could bind to the surface of tumor cells, and the pro-
portion of the 4T1 photothermal treatment group was significantly
higher than that of the 4T1 treatment group. The killing effect of T cells
on tumor cells was detected by flow cytometry. As shown in Fig. 5D, the
remnants of photothermal therapy can activate the killing effect of T
cells and cause more apoptosis of tumor cells. We also examined im-
mune cytokine release of stimulated macrophages and T cells. The re-
sults showed that the levels of IL-6, IL-12p, TNF-α, and IFN-γ in the ICG-
CpG@MOF treatment macrophage were higher than those in other
groups (Fig. 5E), which were consistent with M1 macrophage matura-
tion data in Fig. 4A. Furthermore, we also measured IL-4, IL-2, IFN-γ,
and TNF-α levels by ELISA in T cells. The results showed that the levels
of IL-2, IFN-γ, and TNF-α in the ICG-CpG@MOF+4T1+Laser group
were the highest comparing with any other groups (Fig. 5F), which
suggests that cellular immunity is activated. These results show that

ICG-CpG@MOF can produce immune regulation effects after killing
tumors.

2.6. Multimodal imaging in vivo

ICG-CpG@MOF was endowed with the functions of fluorescence,
photoacoustic, photothermal, and nuclear magnetic resonance imaging.
As shown in Fig. 6A, we evaluated the effect of fluorescence imaging
after injection via the tail vein. The fluorescence signal could be de-
tected at the tumor site from 1 h after injection, and the signal was
enhanced within 24 h. At 48 h, the fluorescence intensity had decreased
significantly. In order to comprehensively compare the distribution of
ICG-CpG@MOF in various organs, we dissected the mice after an-
esthesia, and proceeded the analysis of fluorescence imaging for their
organs at each time point. At 1 h after injection, fluorescence dis-
tribution appeared in liver, kidney, heart and lung. And the fluores-
cence intensity of liver was strongest and reached its maximum at 3 h
after injection. The fluorescence intensity in the lung also reached its
maximum at this time and then decreased significantly. At 6 h, the

Fig. 2. Time-dependent internalization of FITC-labeled ICG-CpG@MOF by tumor cells. A. Confocal images to present the internalization of FITC-labeled ICG-
CpG@MOF (20 μg/mL) by 4T1 breast cancer cells. EIPAis a macropinocytosis inhibitor. Scale bar: 50 μm. B. Internalization efficiency of ICG-CpG@MOF was
detected by flow cytometry.
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Fig. 3. Photothermal and photodynamic effects of ICG-CpG@MOF. A. Temperature images of ICG-CpG@MOF at different optical densities. Images of cells under
irradiation from a 808 nm laser at a concentration of 100 μg/mL were recorded by an IR camera. B. Temperature elevation of the ICG-CpG@MOF solution (1 mL) at
different densities by 808 nm light in aqueous solution. C. Photothermal conversion stability of ICG-CpG@MOF (100 μg/mL). The laser was turned on/turned off for
five cycles (808 nm, 1.5 W/cm2). D. Evaluation of ROS levels with a fluorescence microscope. Scale bar: 90 μm. E. Evaluation of ROS level with flow cytometry. F.
Flow cytometry was used to detect the effect of ICG-CpG@MOF on cell death. G. Effect of ICG-CpG@MOF on cell death with Hoechst fluorescence staining. Scale bar:
90 μm. (D-E: The irradiation time was 5 min).
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spleen began to show fluorescence signal, and it soon decreased. The
tumor showed obvious fluorescence signal at 3 h, and the fluorescence
gradually increased with the increase of time, reaching the maximum at
24 h. Magnetic resonance imaging (MRI) is a noninvasive imaging

technique widely used in clinical medicine. ICG-CpG@MOF can be re-
duced by reducing agents such as GSH in vivo, thereby releasing ferrous
ions, which can be used for MRI of tumors. With increasing MIL101-
NH2 concentration, the T2-weighted MRI images of ICG-CPG@MOF

Fig. 4. Effect of ICG-CpG@MOF on the differentiation of immune cells. A. Regulatory effect of the ICG-CpG@MOF on peritoneal macrophages. Peritoneal
macrophages were stained with PE-Cy7-anti-CD80 and FITC-anti-CD11c antibodies for flow cytometry. B. CD80 expression analysis of peritoneal macrophages. C.
Regulatory effect of the ICG-CpG@MOF on adherent splenic cells. Cells were stained with a PE-Cy7-anti-CD80 and FITC-anti-CD11c antibodies for flow cytometry. D.
CD80 expression analysis of adherent splenic cells. E. Effects of photothermal therapy on CD4 and CD8 expression in splenic T cells.
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nanoparticles became darker (Fig. S17). As shown in Fig. 6B, ICG-
CpG@MOF could significantly improve the imaging effect of MRI at
tumor sites. Photothermal imaging for tumors was also obtained by
infrared thermal imager (Fig. 6C). After ICG-CpG@MOF is enriched into
tumor tissues through EPR effect, tumor tissues generate a large amount

of heat during light irradiation, which can be detected by thermal im-
ager. The experimental results show that the material has good pho-
tothermal treatment effect in vivo. Furthermore, ICG could serve as an
effective photoacoustic contrast agent. Therefore, ICG-CpG@MOF can
be used for photoacoustic imaging. As shown in Fig. 6D, a

Fig. 5. Immunotherapeutic effect of ICG-CpG@MOF. A. The inhibitory effect of stimulated macrophages on tumor cells was determined by flow cytometry. B.
Effect of the supernatant on tumor cell activity after differentiation of macrophages. C. Recognition of tumor cells by T cells after induction. Scale bar: 50 μm. D. Flow
cytometry was used to detect photothermal residue induced T cell killing of tumor cells. E. ELISA was used to detect the production of immune factors after co-
incubated with peritoneal macrophages for 48 h. F. ELISA was used to detect the production of immune factors after co-incubated with splenic lymphocytes for 72 h
(**p < 0.01, ***p < 0.001.)
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photoacoustic signal was detected at the tumor site 6 h after tail vein
injection. Strong photoacoustic signals were found after injection. The
relationship between signal strength and concentration is shown in
Fig. 6E. The above results indicate that the ICG-CpG@MOF has an ef-
fective passive tumor-targeting effect. This may be attributed to the EPR
effect at tumor sites and the size of the MOF. Meanwhile, thanks to the
multi-model imaging results of fluorescence, photoacoustic,

photothermal, and nuclear magnetic resonance imaging, 6 h is selected
as the best administration time for follow-up tumor therapy.

2.7. Therapeutic effect of the materials on tumor-bearing mice

Subcutaneous tumor-bearing mice were constructed from 4T1 cells.
When the tumor diameter was approximately 5 mm, different

Fig. 6. Multimode imaging effect of ICG-CpG@MOF.A. Time series of the tumor near-infrared fluorescence imaging in situ and in organs after tail vein injection for
0 h–48 h. Li: Liver, H: Heart, S: Spleen, Lu: Lung, K: Kidney, T: Tumor. B. Horizontal section and coronal section nuclear magnetic imaging in tumor-bearing mice 2 h
after in-situ injection. C. In situ photothermal imaging. D. Photoacoustic imaging of tumor before and after in situ injection. E. In vitro PA images of ICG-CpG@MOF
solutions at different concentrations (0, 0.5, 1, 2, 5, and 10 μg/mL respectively).
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treatments were used and tumor size was recorded. As shown in
Fig. 7A, there was no statistically significant difference between the
mice in different groups on day 0. Skin lesions appeared in the ICG-
CpG@MOF + Laser group on day 7, and the lesions were basically
repaired, with disappearance of the tumor on day 21. The statistical
curve of tumor volume is shown in Fig. 7B. The survival rates of the
mice in each group are presented in Fig. S18. The average survival
times of the micetreated with PBS and ICG-CpG@MOF were 25.8 and
31.5 days, respectively. Significantly more mice treated with ICG-
CpG@MOF + laser survived to the end of the study. We also con-
structed a lung metastasis model of breast cancer using 4T1 cells to
detect the therapeutic effect on metastatic tumors. At 21 days after
injection of 104 cells into the tail vein, the cancer cells in the control

group infiltrated into the entire lung tissue, while the infiltration of the
cancer cells in the treatment group was significantly inhibited (Fig. 7C).
To test the histocompatibility of the MOF and its effect on various or-
gans, hematoxylin and eosin (H&E) staining was performed for patho-
logical examination after tumor-bearing mice were treated with ICG-
CpG@MOF and irradiated with a pulse laser. As shown in Figs. 7D and
S19, compared with that of the control group, the tumor tissues of the
experimental group was edematous and vacuolated, while the H&E
stained organs showed no obvious lesions, suggesting a reasonable and
safe range of use. Since ICG-CpG@MOF is mainly distributed at sites in
the liver and kidney, we examined indicators of liver and kidney injury.
The ALT/AST results are shown in Fig. S20. The uric acid results are
shown in Fig. S21. These results showed that MOF causes no obvious

Fig. 7. In vivo therapeutic effect of ICG-CpG@MOF. A. Tumor volume change before and after treatment. B. The schematic outline shows the in vivo experimental
design for treatments. C. Statistical analysis of tumor volume. D. The therapeutic effect of lung metastasis. E. H&E stained images of tumor and organs collected from
the tumor bearing mice after various treatments. Scale bar: 90 μm.
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damage to the body. Pharmacokinetic analysis was also performed, and
the experimental results were shown in Fig. S22 and Table S1. After
intravenous injection of ICG-CpG@MOF, the iron content in blood
reaches the maximum value and decreases with the increase of time.
About 15 h after the injection, iron levels in the blood were reduced to
half of what they were at 1 h. The above experimental results show that
ICG-CpG@MOF has good biodegradable activity and can be quickly
removed by the body.

3. Conclusions

In summary, we constructed a multimodal imaging-guided sy-
nergistic cancer photoimmunotherapy by employing a specific MOF
(MIL101-NH2) as the core carrier; this MOF was dual-dressed with
photoacoustic and fluorescent signal donors ICG and immune adjuvants
CpG ODN and named ICG-CpG@MOF. This nanocarrier can passively
target the tumor site through the EPR effect, achieving multimodal
imaging (fluorescence, photoacoustic, photothermal and MR imaging)
of the tumor, and light-actuated tumor therapies including photo-
dynamic and photothermal methods, were simultaneously achieved
with 808 nm laser irradiation. ICG-CpG@MOF facilitates the GSH-
controlled release of immunoadjuvant into the tumor microenviron-
ment. Furthermore, the released tumor-associated antigen along with
CpG could activate the immune system, which significantly enhanced
tumor cytotoxicity and achieved high cure rates with minimal side ef-
fects. This strategy utilizing multimodal imaging and synergistic cancer
photoimmunotherapy provides a promising strategy for the diagnosis
and treatment of cancer.

4. Experimental section

4.1. Materials

DAPI, FITC-CD3 antibody, APC-CD4 antibody, V450-CD8 antibody,
PE-Cy7-CD80 antibody, and FITC-CD11C were obtained from Sigma.
ROS Assay Kit and Hoechst fluorescent dye were purchased from
Beijing Beyotime Biotechnology. CpG ODN (5′-TCC ATG ACG TTC CTG
ACG TT-3′) was synthesized by BGI (Shenzhen, China). TRITC
Phalloidin was purchased from Solarbio (CA1610). Annexin V-FITC/PI
Apoptosis Detection Kit and CCK-8 (Cell Counting Kit-8) were pur-
chased from Japan Dojindo Laboratories. All ELISA kits were obtained
from Dakewe Bio-engineering Co., LTD (Shenzhen, China).

4.2. Animals and cells

The mouse breast cancer cell line 4T1 cells were obtained from the
Cell bank of the Animal Experiment Center of Sun Yat-sen University.
The peritoneal macrophage is acquired by the peritoneal lavatory as we
did before [46]. Spleen lymphocytes were isolated as previously re-
ported [49]. All the cells were cultured in DMEM or 1640 with 10% FBS
(GIBCO, USA) in 37 °C incubator in 5% CO2. 4–5 weeks old female Bal
b/c mice were obtained from Laboratory Animal Center of Southern
Medical University. All animal experiments were approved by Southern
Medical University's Institutional Animal Care and Use Committee.

4.3. Synthesis of MIL101-NH2 (MOF)

The synthesis of MIL101-NH2was consistent with that reported in
previous literature [50]. In short, 2.07 mmol 2-aminoterephthalic acid
and 4.16 mmol FeCl3·6H2O were dissolved in 30 mL DMF. After being
treated at 120 °C for 20 h, the brown powder was centrifuged at
8500 rpm for 10 min and washed three times in turn with DMF. At last,
the sediment was resuspended in DMF and stored at 4 °C.

4.4. Construction of ICG-CpG@MOF

This part of experimental methods refer to the previous published
articles [51–53].1 μmol EDC and 1 μmol NHS were added to the solu-
tion of ICG-COOH (10 mM, 200 μL) to activate the eCOOH, and the
mixture was thoroughly incorporated. MIL101-NH2 (10 mg/mL, 1 mL)
was then added. After 24 h of stir, the reactants (denoted as ICG@MOF)
was recycled by centrifugation (8500 rpm, 10 min) and the supernatant
was collected to determinate the content of free ICG by fluorescence
quantitative. CpG ODN (65 μg) was dissolved in a certain amount of
ultrapure water. 1 mg ICG@MOF was added and under magnetic stir-
ring for 6 h. The collection denoted as ICG-CpG@MOF, and the su-
pernatant was analyzed by a Nanodrop.

4.5. Characterization

The characterization method is a slight modification of what we
have reported in our previous articles [54]. The MOF was diluted with
ultra-pure water and dropped directly onto the copper network for TEM
observation and elemental mappings. The MOF was diluted with ultra-
pure water and then dropped into the conductive glass and dried and
sprayed with gold for scanning electron microscope observation. The
zeta potentials and particle size of MOF nanoparticles were detected by
Malvern Nano ZS90. Fourier transforms infrared (FT-IR) spectra of
functionalized MOF were obtained by an Spectrum 400FT-IR spectro-
photometer (PerkinElmer, USA), as reported previously [55]. Lambda
900 spectrophotometer (PerkinElmer, USA) was used to measure the
UV–Vis absorption spectra of ICG-CpG@MOF. FL-8500 fluorescence
spectrophotometer (PerkinElmer, USA) was used to record the fluor-
escence excitation and emission spectra of ICG-CpG@MOF, as we re-
ported earlier [46]. A Nikon confocal laser scanning microscope was
used to observe the internalization of fluorescently labeled MOF with a
slight change from previous article [56]. The photothermal effects of
ICG-CpG@MOF were evaluated using reported methods [57,58].

4.6. Toxicity tests in vitro and in vivo

The in vitro cell viability was detected by CCK-8 assay as previously
reported [59]. In short, 4000 cells per well were incubated in a 96-well
plate overnight. Different concentrations of ICG-CpG@MOF were added
to the medium. Then the cells were incubated for another 24 h. Finally,
the relative cell viability was detected by CCK-8 assay. In vivo toxicity
was explored by organ functions detection and histopathological study
from mice in different treatment groups. 100 μL PBS or suspension of
ICG-CpG@MOF (150 μg) in PBS were intravenously injected into mice.
Blood was collected at 48 h. Liver (ALT and AST) and kidney (Uric acid)
functions were tested by Shenzhen Third People's Hospital (Shenzhen,
China). After treatment, mice were sacrificed to collect main organs and
tumors.

4.7. Measurement of immune system activation and expression of cytokines

Peritoneal macrophages and splenocytes (2.5 × 106 cells/mL) were
stimulated according to the requirements of the article. For example, T
cells were stimulated with 4T1 cell residue after photothermal ablation
(60 μg/mL, protein quantification) for 60 h. Macrophages were in-
cubated with ICG-CpG@MOF for 48 h. After centrifugation, the
medium was collected and used to detect cytokine levels by ELISA. The
cells were stained with FITC-anti-CD3e, V450-anti-CD8α, APC-anti-
CD4, FITC-anti-CD11c or PE-cy7-anti-CD80 according to the need. At
last, the treated cells were examined by a flow cytometer.

4.8. Cell apoptosis assay

Apoptosis assay was performed via a method described in the
manufacturer with slight modification (Flow Cytometry Apoptosis
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Detection Kit). In short, cells were collected after being washed with
PBS, re-suspended in 500 μL of binding buffer, and incubated with each
5 μL of FITC-Annexin V and PI in the dark for 15 min in 25 °C. Then
they were evaluated by flow cytometry (BD FACSVerse, BD Biosciences,
USA). Hoechst staining was performed using the reported method [60].
In short, the cells to be tested were washed with PBS for two to three
times and stained with the diluted dye for no more than 5 min, then the
dye was removed and washed with PBS for two to three times, and the
cells were observed using an Olympus microscope (Olympus FV1000,
Japan).

4.9. Animal imaging experiments

Multimodal imaging experiments were performed as previously
described with a simple modification. Near-infrared fluorescence ima-
ging was performed using IVIS Spectrum with a ICG channel [61].
IVPAT system was used in the photoacoustic imaging experiment [62].
The NMR imaging experiment referred to the previously reported
methods [42]. The amount of ICG-CpG@MOF used for intravenously
injection was 0.15 mg per mouse.

4.10. Tumor model construction and immunization studies

The Bal b/c mice were randomly divided into five groups (each
group containing 5 mice). In the beginning, tumors were formed by
subcutaneous implantation of 106 4T1 cells. When the tumor volume
had grown to about 60 mm3, 100 μL of PBS, CpG, ICG@MOF, and ICG-
CpG@MOF with equivalent doses (about 4.5 μg of CpG ODN) were
injected intravenously into the mice. Then, multimodal imaging was
observed and directed 808 nm laser irradiation was given. Tumor vo-
lume and survival were then calculated. In order to detect the immune
effect, drugs were injected into the tail vein when the tumor volume
reached 60 mm3, and laser irradiation treatment was given according to
the above methods. Three days after the experiment, 104 4T1 cells were
injected into the caudal vein to simulate tumor metastasis. On day 21,
the mice were anesthetized and sacrificed and lungs were removed for
subsequent analysis.

4.11. H&E staining

H&E staining was performed as previously described [63]. After the
mice were euthanized, tumors tissues and visceral organs were col-
lected. The organs and tissues were fixed in 4% formaldehyde over-
night. Before H&E staining, Paraffin embedding and slicing is required.
Finally, all slices analyzed using Motic Easy Scan (Motic Asia, China).

4.12. Statistical analysis

The data from one representative experiment among at least three
independent experiments are expressed as the mean ± SEM. Unless
otherwise stated, statistical analysis was performed with Student's
paired t-test using SPSS software (SPSS Inc., Chicago, IL, USA), and the
differences were considered to be statistically significant at p < 0.05.
Kaplan-Meier survival analyses were performed to analyze the survival
rate of mice after tumor-bearing.
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