
Iodine-Rich Nanoadjuvants for CT
Imaging–Guided Photodynamic
Immunotherapy of Breast Cancer
Xiaoyan Xin1†, Xiaoyue Ni2†, Kang Shi1, Jie Shao3, Yanqiu Zhang1, Xin Peng1, Wen Yang1,
Chuanshuai Tian1, Wen Zhou2* and Bing Zhang1*

1Department of Radiology, Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School, Nanjing,
China, 2Key Laboratory for Organic Electronics and Information Displays, Jiangsu Key Laboratory for Biosensors, Institute of
Advanced Materials (IAM), Jiangsu National Synergetic Innovation Center for Advanced Materials (SICAM), Nanjing University of
Posts and Telecommunications, Nanjing, China, 3The Comprehensive Cancer Center of Drum Tower Hospital, Medical School of
Nanjing University, Clinical Cancer Institute of Nanjing University, Nanjing, China

Immunotherapy, which stimulates the body’s own immune system to kill cancer cells, has
shown great promise in the field of cancer therapy. However, the uncontrolled
biodistribution of immunotherapeutic drugs may cause severe side effects. Herein, we
report an iodine-rich nanoadjuvant (INA) for photo-immunotherapy. INA is prepared by
encapsulating a toll-like receptor 7 agonist (R837) and a photosensitizer (phthalocyanine)
into an iodine-rich amphiphilic copolymer PEG-PHEMA-I. By virtue of the enhanced
permeation and retention (EPR) effect, INA can effectively accumulate into the tumor
site. Under light irradiation, photodynamic therapy (PDT) triggered by INA will induce
immunogenic cell death (ICD) in the tumor region to trigger the release of immune-
associated cytokines. Such a process may further induce the maturation of dendritic cells
which will be accelerated by R837, leading to the proliferation of effector T cells for
immunotherapy. The photo-immunotherapy mediated by INA shows good anticancer
efficacy both in vitro and in vivo. Meanwhile, INA is also a CT contrast agent owing to its
high density of iodine, which can successfully illuminate tumors by CT imaging. Thus, our
study develops a light-triggered nanoadjuvant for CT imaging–guided enhanced photo-
immunotherapy.
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INTRODUCTION

Immunotherapy is a kind of promising cancer therapeutic modality that stimulates the body’s own
immune system to attack cancer cells (Pardoll, 2012; Intlekofer and Thompson, 2013; Topalian et al.,
2015). Until now, several immunotherapeutic modalities have been successfully applied, such as
chimeric antigen receptor (CAR) T cell, immune checkpoint blockade, and cytokine therapy
(Pardoll, 2012; Intlekofer and Thompson, 2013; Hargadon et al., 2018). However, because of the
uncontrolled tissue accumulation of immunotherapeutic drugs, immunotherapy may suffer from the
issue of immune-related adverse events (IRAEs), including hypokalemia, hypophysitis, myocarditis,
and thyroid dysfunction (Kumar et al., 2017; Pollack et al., 2017; Darnell et al., 2020). To address such
an issue, increasing the tumor accumulation of immunotherapeutic agents is a key point (Lu et al.,
2018; Liu et al., 2019). Compared with small-molecular anticancer drugs, nanomedicines have been
proven to exhibit better tumor accumulation (Shi et al., 2017; Tran et al., 2017; Youn and Bae, 2018;
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Miao et al., 2019; Wang X. et al., 2021). By virtue of such
advantage, numerous nanomaterials have been designed for
cancer immunotherapy to achieve a better therapeutic efficacy
with lower IRAEs (Meng et al., 2019; Ji et al., 2020; Mai et al.,
2020; Allen et al., 2021). In addition, owing to the
multifunctionality of nanomaterials, different kinds of immune
stimulants and agonists, and therapeutic modalities, can be easily
integrated into one system (Meng et al., 2019; Wang H. et al.,
2019; Wang T. et al., 2019; Guo et al., 2021; Wang Z. et al., 2021).
Therefore, developing novel nanomedicines is of great
significance for cancer immunotherapy.

Despite the improved tumor accumulation of nanomedicine,
most therapeutic modalities for immunotherapy activation still
have the issue of low specificity. Among different modalities,
phototherapy which uses light as an exogenous stimulus has the
advantages of high spatiotemporal resolution and low side effects
(Chen et al., 2016; Jia et al., 2020). Such a feature makes light an
ideal choice for immunotherapy as it can ensure the therapeutic
process and induction of immunogenic cell death (ICD) only to
occur in the tumor site (Xu et al., 2017; Ding et al., 2018; Li et al.,
2019). Until now, nanomaterial-based phototherapy-induced
ICD has been applied for treating both primary and metastatic
tumors in vivo (Wang Z. et al., 2019). In addition to ICD, such a
nanosystem may also trigger the delivery of inhibitors, enzymes,
adjuvants, and hydrogen sulfide to enhance the
immunotherapeutic efficacy (Han et al., 2017; Shi et al., 2018;

Wang H. et al., 2019; Sun et al., 2021; Zhang et al., 2022). All of
these examples indicate the great promise of nanomaterials in
light-induced immunotherapy. But how to integrate light-
induced nano-immunotherapy with reliable clinical imaging
methods via a facile strategy is still a challenge. The
combination of a reliable clinical imaging method can not
only help examine the location of the tumor but also benefit
the observation of the curative effect evaluation of light-induced
immunotherapy.

Herein, we report iodine-rich nanoadjuvants (INAs) for
photodynamic immunotherapy. Such a nanoadjuvant is
prepared by co-encapsulating a near-infrared (NIR)–absorbing
phthalocyanine and a toll-like receptor-7 (TLR7) agonist (R837)
into an iodine-rich amphiphilic copolymer, PEG-PHEMA-I
(Figure 1A). After accumulation into the tumor site via
enhanced permeation and retention (EPR) effect, INA may
conduct photodynamic therapy (PDT) under NIR light
irradiation. The ICD induced by PDT subsequently triggers
the release of danger-associated molecular patterns (DAMPs)
and tumor-associated antigens (TAAs) from dying tumor cells.
The ICD combined with released R837 will trigger the maturation
of dendritic cells (DCs), which further promote the proliferation
of effector T cells. As a result, photodynamic immunotherapy is
achieved by INA under NIR light irradiation (Figure 1B). In
addition, the high concentration of iodine makes INA an ideal
candidate for X-ray computed tomography (CT) contrast agents.

FIGURE 1 | (A) Schematic illustration of INA preparation. (B) Schematic illustration of the mechanism of INA for NIR light synergistic photodynamic immunotherapy.
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Thus, INA can be applied as a CT imaging–guided photodynamic
immunotherapy for cancer.

EXPERIMENTAL

Materials
All the chemicals and solvents are purchased from Sigma-Aldrich
and used as received unless otherwise mentioned. PEG-PHEMA-
I was synthesized based on our previous study (Zhou et al., 2020).

Characterizations
Dynamic light scattering (DLS) was performed on a Brookhaven
ZetaPALS. Transmission electron microscopy (TEM) images
were captured on an HT7700 transmission electron
microscope (acceleration voltage 100 kV). Absorption and
fluorescence spectra were recorded on a Shimadzu UV-3600
ultraviolet–visible-near-infrared spectrophotometer and a
Fluoromax-3 spectrophotometer (JobinYvon), respectively.

Preparation of Nanoparticles
INA was prepared via a nanoprecipitation method. Briefly, PEG-
PHEMA-I, phthalocyanine, and R837 were dissolved into 1 ml of
tetrahydrofuran (THF). The resulting solution was rapidly
injected into 9 ml of water under vigorous sonication for
1 min. THF was then removed by gentle nitrogen gas flow,
and the nanoparticle solution was filtered through a 0.22-μm
filter to remove the aggregates. The obtained solution was stored
at 4°C for further usage. The preparation of PEG-PHEMA-I
nanoparticles was based on a similar procedure without the
addition of R837.

Cellular Uptake
Fluorescein isothiocyanate (FITC) (5% w/w) was doped into INA
to give INA-FITC a strong green fluorescence signal for confocal
imaging. 4T1 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) and
antibiotics (10 mg/ml of streptomycin and 10 U/mL of
penicillin) at 37°C in an atmosphere of 5% carbon dioxide.
The cells were then seeded into confocal dishes, and INA-
FITC (4 μg/ml) was co-incubated with the cells for 4 h. After
incubation, the cells were washed with fresh DMEM, and the cell
nuclei were stained with DAPI. The cells were then imaged by an
LSM880 confocal laser scanning microscope (Carl Zeiss,
Germany) with an excitation wavelength of 405 nm for DAPI
and 488 nm for INA-FITC.

Cytotoxicity Study
4T1 cells were seeded into 96-well plates for 24 h. INA with
different concentrations was co-incubated with the cells for
another 24 h. The cells were treated with or without 635-nm
laser irradiation (1W/cm2) for 10 min. MTT assay was applied to
determine the viability of cells.

In Vitro and In Vivo CT Imaging Measurement
Aqueous solutions of INA at different concentrations (3.125 μg/
ml, 6.25 μg/ml, 12.5 μg/ml, 25 μg/ml, 50 μg/ml, 100 μg/ml,

200 μg/ml 400 μg/ml, and 400 μg/ml) were directly imaged
using Hiscan XM Micro CT (Suzhou Hiscan Information
Technology Co., Ltd.). The X-ray attenuation for regions of
interest was quantified with Hiscan Analyzer software (Suzhou
Hiscan Information Technology Co., Ltd.). 4T1 tumor–bearing
mice (n = 3) were injected with INA (0.5 mg/ml, 10 μL) and PBS
(10 μL) via tumor subcutaneous tissue. Then, the mice were
scanned using a CT imaging system for 30 min post injection.
The 3D reconstruction images and CT values (Hounsfield units,
HU) were obtained through RadiAnt DICOM Viewer software.

In Vitro DC Stimulation Experiments
Bone-marrow-derived dendritic cells were generated from the
bone marrow of 8-week-old BALB/c mice from Nanjing Peng
Sheng Biological Technology Co. Ltd. according to an established
method. For in vitro DC stimulation experiments, we cocultured
free R837, PEG-PHEMA-I, or INA nanoparticles [(PEG-
PHEMA-I) = 100 μg/ml (phthalocyanine) = 25 μg/ml (R837) =
15 μg/ml] with 106 bone-derived DCs from BALB/c mice for 48 h.
After various treatments, DCs stained with anti–CD11c-BB700
(BD Biosciences), anti–CD86-PE-Cy7 (BD Biosciences), and
anti–CD80-APC (BD Biosciences) antibodies were then
analyzed by flow cytometry (CytoFLEX LX). Data analysis was
carried out using FCS express software.

In Vito DC Stimulation Experiments
After 4T1 tumors grown on BALB/c mice reached 100 mm3,
200 μL of PEG-PHEMA-I or INA (0.2 mg/ml PEG-PHEMA-I,
0.12 mg/ml R837) was injected intravenously. After injection for
48 h, the mice were exposed to a 680-nm laser with 0.5 W/cm2 for
30 min with 1-min interval for every 2 min of light exposure. The
mice were killed 2 days after PDT treatment, the draining lymph
nodes were cut off, and we assessed the expression levels of CD80
and CD86 by flow cytometry.

Cytometric Bead Array Analysis of Cytokines
The cytokines from sera and DC medium supernatants were
measured by the BD CBA mouse Th1/Th2 kit according to the
manufacturer’s protocol (BD Biosciences) with an appropriate
diluent. The samples were run and FACS data were collected
using an Accuri C6 Plus (BD Biosciences) flow cytometer and
analyzed using FCAP version 3.0 array software (Soft Flow).

In Vivo PDT
The Ethics Committee of Nanjing Drum Tower Hospital
approved all experiments in this study. All animal procedures
were carried out in compliance with the guidelines set by the
Animal Care Committee at Nanjing Drum Tower Hospital
(Nanjing, China). The investigators were not blinded for
animal studies. All efforts were made to minimize the number
of animals used and their suffering. The mice were randomized
on the basis of age and weight.

Female BALB/c mice (6–8 weeks) were purchased from
Nanjing Peng Sheng Biological Technology Co. Ltd. and used
under protocols approved by Drum Tower Hospital Animal
Center. The mice were divided into groups randomly. For
tumor inoculation, 4T1 cells (5 × 104) suspended in PBS were
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subcutaneously injected into the left flank of each female BALB/c
mouse. The tumor volume was calculated according to the
following formula: width2 × length × 0.5. When those tumors
reached ~100 mm3, PEG-PHEMA-I or INA nanoparticles were
injected into the vein at the INA dose of 0.8 mg per mouse. After
24 h, the mice were irradiated with a 680-nm laser with a power
density of 0.5 W/cm2 for 30 min with 1 min interval for every
2 min of light exposure.

In Vivo Immune Response Analysis
To analyze the immune cells in the tumors, those tumors
mentioned above were harvested from mice and digested using
1500 U/mL collagenase (Sigma), 1000 U/mL hyaluronidase
(Sigma), and Sigma DNase (Sigma) at 37°C for 30 min. The
cells were filtered through nylon mesh filters and washed with
PBS containing 1% FBS. The single-cell suspension was incubated
with anti–CD3-AF700 (BD Biosciences) antibody. Afterward,
those cells were washed with PBS containing 1% FBS and
analyzed using flow cytometry analysis. Data analysis was
carried out using FCS express software.

Statistical Analysis
The Graphpad Prism 5.0 software (Graphpad Software, La Jolla,
CA, United States) was used for all statistical analyses. The
mean ± SEM was determined for each treatment group in the
individual experiments, and Student’s t-test was used to
determine the significance between the treatment and control
groups. The results of multiple groups including tumor volume
curves have been compared using the variance (ANOVA) test.

p-values < 0.05 were significant, as indicated with asterisks (pp <
0.05, ppp < 0.01, pppp < 0.001, and ppppp < 0.0001).

RESULTS AND DISCUSSION

INA was prepared via a nanoprecipitation method, which used
iodine-grafted amphiphilic copolymer PEG-PHEMA-I as the
carrier to load hydrophobic phthalocyanine and R837. The
color of the INA solution was blue, and the solution was
transparent without the precipitate (Supplementary Figure
S1). Transmission electron microscopy (TEM) imaging
showed that INA had a spherical morphology with a diameter
of approximately 30 nm (Figure 2A). The XRD spectrum of INA
was recorded (Supplementary Figure S2). The hydrodynamic
size of INAwas calculated as 56 nm from dynamic light scattering
(DLS), which was much higher than the size measured from the
TEM image (Figure 2B). Such difference can be attributed to the
shrinkage of nanoparticles during TEM sample preparation. The
physiological stability of INA was tested by storing nanoparticle
samples under 4°C, and DLS was used to determine the average
hydrodynamic size of INA over time. The size remained almost
the same even after storing for 12 days, indicating the good
stability of INA (Figure 2C). The optical properties of INA
were then studied. INA showed maximum absorption at
around 600 nm, which was derived from the absorption of
encapsulated phthalocyanine (Figure 2D). Almost no
fluorescence was detected for INA maybe because of the self-
quenching of phthalocyanine in the core of INA. A singlet oxygen

FIGURE 2 | Characterizations of INA. (A) Representative TEM image of INA. (B) Hydrodynamic size distribution of INA. (C) Average hydrodynamic size of INA is a
function of storage time. (D) Absorption spectrum of INA. (E) Fluorescence intensity change (F/F0) of SOSG with or without INA as a function of 635-nm laser irradiation
time. (F) Normalized absorption changes of INA and phthalocyanine at 660 nm as a function of 635-nm laser irradiation time (0.1 W cm−2). Error bars represent the
standard deviations of three different measurements.
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(1O2) fluorescence probe and a singlet oxygen sensor green
(SOSG) were then used to study the 1O2 generation of INA.
Although INA showed no fluorescence emission, obvious
fluorescence enhancement was observed for SOSG treated with
INA under 635-nm laser irradiation, indicating the generation of
1O2 from INA (Figure 2E). Such a phenomenon may be
attributed to the high concentration of iodine within INA,
which can enhance the 1O2 quantum yield according to our
previous study. Under laser irradiation for 30 min, the absorption
of INA was nearly unchanged, while the absorption of
phthalocyanine decreased 80% under the same condition
(Figure 2F). Such a result demonstrated the superior
photostability of INA. These data indicated that INA had
good physiological and photo-stability and was a good
candidate for PDT.

INA was then applied for cell studies to evaluate its in vitro
biocompatibility and anticancer efficacy, 4T1 cell was chosen as
the cell model. As INA showed no fluorescence signal, 5% w/w
fluorescein isothiocyanate (FITC) was loaded into INA to give
INA-FITC. INA-FITC showed a strong green fluorescence signal,
which was suitable for confocal imaging. After incubating INA-
FITC with 4T1 cells for 8 h, strong green fluorescence was
detected in the cytoplasm of cells, which showed that INA-
FITC can be effectively internalized into 4T1 cells
(Figure 3A). A quantification study showed that INA-FITC-
incubated cells had a much higher fluorescence intensity than the

cells without INA-FITC, further confirming the successful
internalization of INA-FITC (Figure 3B). The fluorescence
intensity within cells after 8 h incubation was 27-fold higher
than that before incubation. To confirm whether INA could
generate 1O2 within 4T1 cells under laser irradiation, a 1O2

fluorescence probe, dichloro-dihydro-fluorescein diacetate
(DCFH-DA), was used. After irradiating 4T1 cells which were
incubated with both INA and DCFH-DA by the 635-nm laser for
12 min, a strong green fluorescence signal was detected within
cells, while almost no fluorescence signal was detected for the cells
without INA incubation (Figure 3C). Such a phenomenon
indicated that INA can efficiently generate 1O2 within 4T1
cells under laser irradiation. Then, in vitro biocompatibility
and PDT efficacy of INA against 4T1 cells were evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. For the cells without laser irradiation, the cell
viability was almost 80% even under the highest concentration
of INA, indicating the good biocompatibility of INA. In contrast,
under laser irradiation, the cell viability decreased gradually with
the increase of INA concentration, and the cell viability was only
13.3% at the highest concentration, demonstrating the good
in vitro PDT efficacy of INA.

Live/dead assay was then utilized to further confirm the PDT
of INA against 4T1 cells. 4T1 cells were treated under different
conditions, and calcium green (Calcium-AM) and propidium
iodide (PI) were stained for live and dead cells, respectively. For

FIGURE 3 |Cell studies. (A)Confocal images of 4T1 cells with or without INA-FITC incubation for 8 h. The cell nuclei were stained with DAPI which indicated as blue
color. (B)Quantification of fluorescence intensity in 4T1 cells incubated with INA-FITC for 8 h by flow cytometry. (C)Confocal images of 4T1 cells incubated with INA and
DCFH-DA under 635-nm laser irradiation for 12 min (D)Cell viability of 4T1 cells after incubating with INA for 24 h at different concentrations with or without 635-nm laser
irradiation (1 W cm−2). The scale bars represent 20 μm. The error bars represent the standard deviation of three separate measurements.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org August 2022 | Volume 10 | Article 9150675

Xin et al. CT Imaging–Guided Photodynamic Immunotherapy

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


the control groups with or without laser irradiation and the INA
group without laser irradiation, almost all the cells were alive.
However, for the INA group with 635-nm laser irradiation,
almost no living cells were observed, which further confirmed
the in vitro PDT efficiency of INA (Supplementary Figure S3A).
The flow cytometry analysis gave similar results, and only both
treated with INA and 635-nm laser irradiation can significantly
kill 4T1 cells (Supplementary Figure S3B). All these results
demonstrated the superior PDT efficacy of INA, which
showed its potential for in vivo anticancer evaluation.

CT is one of the most extensive imaging techniques for clinical
diagnosis due to its deep penetration and high spatial resolution
(Schlemmer et al., 2018; Ward et al., 2020; Hricak et al., 2021).
The contrast agents used in clinical CT enhancement
examination are generally water-soluble compounds
containing iodine, which show strong X-ray attenuation

capability (Chalela and Aguilar, 2016; Yeh et al., 2017; Zou
et al., 2017). Thus, the high density of iodine in INA made it
an excellent candidate for positive contrast agents of CT imaging.
The CT contrast efficiency of INA was then evaluated, the image
brightness was elevated, and the CT value reached about 200 HU
at a high concentration (400 μg/ml) of INA (Figures 4A,B). A
linear relationship of CT value versus concentration was
confirmed (Figure 4B), validating the feasibility of the
quantitative study. The ability of in vivo CT imaging of INA
was further investigated by intratumoral injection of the
nanoparticles into 4T1 tumor–bearing mice. The PBS injection
group was used as a control. The three pictures on a continuous
slice of axial, coronal, and sagittal CT images showed that the
tumor which was injected with INA exhibited strong
enhancement, while the PBS group showed no obvious
contrast (Figure 4C). To observe the enhancement of the

FIGURE 4 | (A,B) CT images and the corresponding plot of the CT value (HU) of INA at different concentrations. (C) Axial, coronal, and sagittal CT images of 4T1
tumor–bearing mice after intratumoral injection of PBS or INA. Red circles indicate the location of the tumors. (D) 3D reconstruction images from CT scan images of 4T1
tumor–bearing mice after intratumoral injection of PBS or INA. Red arrows indicate the location of the tumors. (E) Corresponding CT values of tumors after intratumoral
injection of PBS or INA.
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tumor site more intuitively, we reconstruct the 3D VR (Virtual
Reality) images from the 2D CT images. Severe enhancement of
the tumor was detected on the subcutaneous flank of the mice
(Figure 4D). The CT values were further analyzed to evaluate the
CT imaging ability of INA. The results showed that the CT value
of the tumors at 30 min post injection increased over 2000 HU,
about forty-fold higher than that of the control group
(Figure 4E). These results taken together indicate a strong CT
contrast efficiency in vitro and vivo was achieved by INA.

The immune activation ability of the nanoparticles was then
evaluated in vitro. Dendritic cells (DCs) are the most potent cells
for activating and polarizing naive T cells. DCs are specialized
immune cells that scan the surrounding tissue for foreign objects
or abnormal cells, and they travel to the lymph nodes to activate
T cells and immune response when they spot a danger signal.
When they present peptide major histocompatibility complex
(MHC) to the T cell receptors (TCR) of T cells, the costimulatory
molecules (CD80 and CD86) are upregulated. The surface
costimulatory molecules of DCs can reflect the degree of DC
maturation. Therefore, we assessed the expression levels of CD80
and CD86 in bone marrow–derived DCs of BALB/C mice treated

with PEG-PHEMAA-I, INA, or free R837 for 24 h. Flow
cytometry analysis showed that the proportion of mature DC
(CD11c+CD80+CD86+) treated by INA nanoparticles was
significantly higher than that induced by the same dose of free
R837, while PEG-PHEMAA-I nanoparticles without R837 had no
obvious immune response to DC (Figure 5A and Supplementary
Figure S4). As shown in Figures 5B,C, the INA group contained
more CD11c+CD80+CD86+ DCs than the free R837 group
(53.73 ± 2.899 vs. 43.13 ± 2.322, n = 3) and PEG-PHEMA-I
group (53.73 ± 2.899 vs. 21.43 ± 3.964, n = 3). Taken together,
these data represented that INA nanoparticles could act as a
strong immune nanoadjuvant.

Recent studies have shown that PDT therapy can activate
tumor-specific immune responses by generating tumor-
associated antigens from tumor cell residues, which may then
be processed by APCs such as DCs and presented to T cells (Chen
et al., 2016; Han et al., 2017; Li et al., 2019). We thus wonder
whether PDT induced by INA, which could also act as an
immune adjuvant, would be able to trigger strong immune
responses in vivo. After 4T1 tumors grown on BALB/c mice
reached 100 mm3, 200 μL of PEG-PHEMA-I or INA (0.2 mg/ml

FIGURE 5 | (A) Flow cytometry of CD86 and CD80 expressions of DCs after incubation with PEG-PHEMA-I, free R837, or INA for 24 h (B)Quantification results of
flow cytometry from figure (A). (C) Flow cytometry of CD11c, CD80, and CD86 expression of DCs under different treatments. (D)Quantification results of flow cytometry
from figure (C) (E,F) Cytokine levels of IFN-γ and TNF-α in sera from mice isolated on day 2 post INA-based PDT. Three mice were measured in each group. Error bars
represent the standard deviation (SD) of at least three replicates.
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PEG-PHEMA-I, 0.12 mg/ml R837) was injected intravenously.
After injection for 48 h, the mice were exposed to a 680-nm laser
with 0.5 W/cm2 for 30 min with a 1-min interval for every 2 min
of light exposure. The mice were killed 2 days after PDT
treatment, the draining lymph nodes were cut off, and the
mature level of DC was detected by flow cytometry. It was
found that INA-based PDT therapy promoted a much higher
level of DC maturation than that observed for PDT therapy with
PEG-PHEMA-I in the absence of R837 (44.43 ± 1.247 vs. 22.43 ±
2.396, n = 3) and those with INA injection without laser
irradiation (34.57 ± 1.34 vs. 19.60 ± 1.706, n = 3), as shown in
Figure 5D and Supplementary Figure S5.

Meanwhile, the BD CBA mouse Th1/Th2 kit was used to
analyze the changes of IFN-γ, TNF-α, and other cytokines in the
serum of mice after different treatments. The expression of
important cytokines IFN-γ and TNF-α was significantly
upregulated after INA-induced PDT treatment (Figures 5E,F),

and their levels were higher than those of PEG-PHEMA-I-
induced PDT with laser irradiation (25.19 ± 1.752 vs. 7.570 ±
1.192 for IFN-γ, and 14.82 ± 0.4888 vs. 4.247 ± 1.006 for TNF-α),
suggesting that INA-induced PDT had the highest capability for
cellular immunity activation in vivo. These data indicated that
R837 can effectively elevate the PDT-triggered immune response.

As INA has been demonstrated to trigger effective immune
response under laser irradiation both in vitro and in vivo, INA
was further applied for in vivo anticancer study. BALB/c mice
bearing subcutaneous 4T1 tumors were intravenously injected
(i.v.) with PEG-PHEMA-I or INA and then irradiated by a 680-
nm laser at 0.5 W/cm2 for 30 min with 1-min interval for every
2 min of light exposure. The design of our animal experiment is
shown in Figure 6A. The growth of tumors in different groups
was measured by a caliper every 4 days. The photo-
immunotherapy triggered by INA had better therapeutic
efficacy than PDT-induced by PEG-PHEMA-I nanoparticles,

FIGURE 6 | In vivo antitumor effects. (A) Schematic illustration of our experiment design. Mice with 4T1 tumors were used in our experiment. (B)Mice body weight
curves of different groups of mice (six mice per group). (C) Tumor growth curves of different groups of mice (six mice per group). (D) Tumor weight of the treated mice
23 d since the start of the therapy. (E) H&E staining of the major organs of INA + laser group of mice. (F) Proportions of tumor-infiltrating CD3+ T cells.
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indicating that the presence of R837 can enhance the therapeutic
efficacy of photo-immunotherapy (Figures 6C,D and
Supplementary Figures S6, S8–S9). The gradual increase of
body weight of mice in all the groups demonstrated the safety
of treatments (Figure 6B). In addition, no obvious damage was
observed fromH&E staining of major organs collected from INA-
treated mice under laser irradiation, which further proved the
biosafety of INA-induced photo-immunotherapy (Figure 6E,
Supplementary Figure S7).

The population of CD3+ T cells in the tumor region under
different treatments was then determined to evaluate the level of
immune activation. Flow cytometry results showed that INA-
treated mice had a higher population of CD3+ T cells in the tumor
than PEG-PHEMA-I nanoparticles, demonstrating that R837 can
increase the effector T cells in the tumor region. Without laser
irradiation, a higher percentage of CD3+ T cells was observed in
the INA-treated mice (10.2 vs. 8.2). When using laser irradiation,
the percentage of CD3+ T cells was also higher in the INA-treated
mice (14.4 vs. 8.1). The highest population was observed in the
INA with the laser group. Such a result indicated that the best
anticancer efficacy of INA with laser can be attributed to the
highest level of effector T cells in the tumor region (Figure 6F).

CONCLUSION

In summary, we have designed a CT imaging–guided photo-
immunotherapeutic nanosystem (INA) for cancer theranostics.
INA was prepared by co-loading a TLR agonist, R837, and a
photosensitizer phthalocyanine into an iodine-grafted
amphiphilic copolymer (PEG-PHEMA-I). Under laser
irradiation, INA could conduct PDT to trigger ICD, which
released immune-related cytokines to induce the maturation of
DCs. Meanwhile, R837 in the INA accelerates the maturation of
DCs, further leading to the proliferation of effector T cells for
immunotherapy. INA showed good 1O2 quantum yield and
photostability. The in vitro study indicated that INA could be
effectively internalized into cancer cells and killed under NIR
laser irradiation. Owing to the high density of iodine, INA had a
relatively high CT attenuation coefficient and could indicate the
location of the tumor viaCT imaging. In vivo study demonstrated
that INA induced the proliferation of cytotoxic T lymphocytes
(CTLs) in the tumor region under laser irradiation and could
inhibit the tumor growth via the photo-immunotherapy.

Our study thus provided a theranostic nanoplatform for
imaging-guided photo-immunotherapy. In addition to CT
imaging, optical imaging such as fluorescence or PA imaging

could be incorporated into the nanoplatform by encapsulating
optical materials other than phthalocyanine. In addition, other
hydrophobic drugs may be loaded into the nanoplatform to
achieve combination therapy for cancer.
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