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Myeloid-Derived Suppressor Cell Membrane-Coated 
Magnetic Nanoparticles for Cancer Theranostics by 
Inducing Macrophage Polarization and Synergizing 
Immunogenic Cell Death
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A major challenge for traditional cancer therapy, including surgical resection, 
chemoradiotherapy, and immunotherapy, is how to induce tumor cell death and 
leverage the host immune system at the same time. Here, a myeloid-derived 
suppressor cell (MDSC) membrane-coated iron oxide magnetic nanoparticle 
(MNP@MDSC) to overcome this conundrum for cancer therapy is developed. 
In this study, MNP@MDSC demonstrates its superior performance in immune 
evasion, active tumor-targeting, magnetic resonance imaging, and photo-
thermal therapy (PTT)-induced tumor killing. Compared with red blood cell 
membrane-coated nanoparticles (MNPs@RBC) or naked MNPs, MNP@MDSCs 
are much more effective in active tumor-targeting, a beneficial property afforded 
by coating MNP with membranes from naturally occurring MDSC, thus  
converting the MNP into “smart” agents that like to accumulate in tumors as the 
source MDSCs. Once targeted to the tumor microenvironment, MNPs@MDSC 
can act as a PTT agents for enhanced antitumor response by inducing immu-
nogenic cell death, reprogramming the tumor infiltrating macrophages, and 
reducing the tumor’s metabolic activity. These benefits, in combination with the 
excellent biocompatibility and pharmacological kinetics characteristics, make 
MNP@MDSC a promising, multimodal agent for cancer theranostics.
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more recently immunotherapy to induce 
tumor cell death and leverage the host 
immune system, respectively.[2] A major 
challenge with these regimens, however, is 
how to induce tumor cell death and enhance 
host antitumor immune response at the 
same time. Fortunately, the application of 
nanotechnology makes traditional medi-
cine become intelligent depending on the 
characteristics of nanoparticles, such as the 
size on the nanometer scale enables them 
enhanced permeability and retention effect 
(EPR) and the high surface-area-to-volume  
ratio enables them to be wrapped with var-
ious modified compounds (e.g., antibody or 
cell membrane).[3] Among these nanopar-
ticles, iron oxide nanoparticles have been 
widely used for drug carriers, magnetic 
resonance imaging (MRI), and photo-
thermal therapy (PTT) in tumor biological 
applications.[4] More recently, ferumoxytol, 
a FDA-approved Fe3O4 nanoparticle, was 
confirmed to transform M2 macrophages 
to M1 macrophages for improving anti-

tumor immune response in tumor environment based on Fenton 
reaction.[5] However, simply increasing the number of M1 macro
phages is not significantly enough to promote antitumor immune 
response due to tumor cells hide itself immunogenicity.

Myeloid-derived suppressor cells (MDSCs), a heter-
ologeneous population of immature myeloid lineage cells, are 
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1. Introduction

Up to now, cancer remains a major public health problem, 
causing over 14 million deaths around the world annually.[1] The 
current mainstay of cancer therapy besides surgical resection for 
physical removal of the tumor mass, are chemoradiotherapy and 
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present in low number in healthy individuals.[6] Due to MDSC 
as a major regulator of immune responses in cancer, the immune 
system not only kills the MDSC, but also will cater to the increase 
of MDSC.[7] Nevertheless, in tumor patients, MDSCs expedi-
tiously accumulate in the tumor environment, which depends on 
the surface membrane protein receptors, as a result of chronic 
inflammation caused by cytokines and chemokines produced by 
tumors.[8] By translocating the cell membrane from a kind of nat-
ural cell onto the surface of a kind of nanoparticle (biomimetic 
engineering), the cell membrane relevant biological character-
istics are transferred, including the surface receptors and anti-
bodies which can possibility be used for immune evasion and 
active targeting tumor cell or tumor microenvironment.[9]

Based on the characteristics of MDSC and our previous 
biomimetic engineering experiences,[4e,10] herein, we develop 
a novel nanoparticle according to present emerging method: 
the magnetic Fe3O4 nanoparticle (MNP) was coated with 
MDSC membranes (MNP@MDSC). The resulting novel 
nanoparticles, hereafter referred to as MNP@MDSC, exhibit 
much enhanced antitumor activity for three reasons. First, 
coating the MNPs with MDSC membrane allows efficient 
immune escape and targeting to the tumor site, by mimicking 
the naturally occurring MDSC cells that are nonimmuno-
genic and have a high affinity to the tumor, thus making 
the MNP@MDSC a “smart bullet.” Compared with MNPs 
coated with membranes from red blood cells (MNP@RBC) 
that we reported recently to also have good immune escape 
capability, the MNP@MDSC should have additional benefits 
in more efficient active targeting to the tumors. Second, 
accumulation of MNP@MDSC at the tumor site permits 
high-contrast tumor imaging with MRI for diagnosis. Third, 
the efficacy of MNPs in modulating M2 to M1 macrophage 

polarization can be synergized with PTT-enhanced immu-
nologic cell death (ICD) to enhance antitumor immune 
response (Scheme 1).

2. Results and Discussion

2.1. Synthesis of MNP@MDSC

Preparation of MNP@MDSC includes three main steps: 
(i) synthesizing pristine Fe3O4 nanoparticles, (ii) preparing 
MDSC membranes, and (iii) fusing MDSC membranes on 
to the Fe3O4 nanoparticles. The Fe3O4 nanoparticles with a 
diameter of ≈80 nm were synthesized using a modified solvo-
thermal method as described in our previous publication.[4e] 
MDSCs were acquired from tumor-bearing mice using a 
Miltenyi sorting kit. The purity of MDSCs was quantified to 
be higher than 95% with flow cytometry (Figure 1a). Mem-
branes of MDSCs were achieved by emptying harvested 
MDSC of their intracellular contents via a combination of 
hypotonic lysis, mechanical membrane disruption, and dif-
ferential centrifugation.[10a] The image of transmission elec-
tron microscopy (TEM) demonstrated a Fe3O4 nanoparticle 
core of ≈80 nm and an outer lipid bilayer shell of ≈5 nm 
in thickness (Figure 1b,c). The thickness was in accord with 
the reported cell membrane of 5–10 nm.[11] After prepara-
tion, the fusion of MNP@MDSC remained stable for at least 
one week in phosphate buffered saline (PBS) or fetal bovine 
serum (FBS) (Figure S1, Supporting Information). Dynamic 
light scattering (DLL) analysis showed that the size (hydro-
dynamic diameter) of MNPs increased from ≈85 to ≈100 nm 
and the zeta potential from −18 to −13 mV, respectively, 
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Scheme 1.  Schematic illustration of the synthesis of MNP@MDSC and its application in cancer theranostics, highlighting: active targeting to the 
tumor microenvironment; conversion of intratumoral M2 macrophages into M1 macrophages; photothermal therapy inducing immunogenic cancer 
cell death (ICD) characterized by the elevated expression of HMGB1 and Calreticulin; and utilities for MR imaging.



www.afm-journal.dewww.advancedsciencenews.com

1801389  (3 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

after coating with MDSC membranes (Figure 1d,e). As a 
traditional photothermal agent for MNP, temperature curves 
of these nanoparticles were monitored by an IR camera 
(Figure S2, Supporting Information), indicating that MNP@
MDSC could have been applied as a photothermal agent. 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) stripes further revealed that MDSC membrane 
transfer did not influence the membrane protein expression 
in the MNP@MDSC (Figure 1f).

2.2. Biosafety of MNP@MDSC In Vivo

We next sought to evaluate the biosafety of MNP@MDSC 
in vivo, which is a critical factor for future clinical use.[12] In 
these tests, we included MNP@RBC as a comparison group, 
as MNP@RBCs were shown to have excellent biosafety. PBS, 
MNP, MNP@RBC, and MNP@MDSC were injected into 
ICR mice via tail vein. The changes in body weight were not 
significantly different among the three nanoparticle groups 
compared with PBS group (Figure 2a), indicating that overall 
these nanoparticles have little or no side effects on mice. Four 
weeks after injection, the mice were euthanized for blood 
biochemistry, hematology, and histological analyses. Key 
functional indicators of liver and kidney including alkaline 

phosphatase (ALP), alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), creatinine (CRE), and blood urea 
nitrogen (BUN) also showed no significant difference among 
all the four groups, indicating that intravenous injection of 
these nanoparticles did not impact the normal function of the 
liver or kidney (Figure 2b–d). Additionally, we did not observe 
statistically significant differences in parameters of blood 
routine in each group (Table S1, Supporting Information). 
Hematoxylin and eosin (H&E) staining of the harvested heart, 
liver, spleen, lung, and kidney sections also did not show any 
signs of abnormality in cellar morphology, inflammation, or 
tissue organization in the treated group as compared with 
the normal control group (Figure 2e). Together, these results 
demonstrate that MNP@MDSC has excellent biocompatible 
in vivo.

2.3. Characterization of Immune Escape and Active Targeting 
Tumor Microenvironment Effect of MNP@MDSC

The immune system maintains the homeostasis by eliminating 
the foreign body including bacteria, virus, and abnormal body 
cells.[13] Strictly speaking, MNP@MDSC is a foreign object to 
the host and may be eliminated by the immune system like 
bacteria, virus, and other pathogens.[14]

Adv. Funct. Mater. 2018, 28, 1801389

Figure 1.  Preparation and characterization of MNP@MDSC. a) MDSCs were sorted from tumor-bearing C57BL/6 mice using a Miltenyi sorting kit. 
b) TEM image of naked MNP. Scale bar = 50 nm. c) TEM image of MNP@MDSC. Scale bar = 50 nm. d) Hydrodynamic size of MNP and MNP@
MDSC. e) Zeta potential of MNP and MNP@MDSC. f) Representative SDS-PAGE protein analysis of MDSC, MDSC membranes, and MNP@MDSC.
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To test the immune escape capability of the MNP@MDSC, 
we incubated MNP, MNP@RBC, and MNP@MDSC with 
RAW264.7 murine macrophage cells to testify the uptake of NPs. 
We found that the cellular uptake of MNP@MDSC was 5–10-fold 
lower than naked MNP and ≈50% of MNP@RBC at all the doses 
tested (Figure S3, Supporting Information). Based on this result 
in vitro, we hypothesized that MNP@MDSC could possess supe-
rior immune escape and, as facilitated by the MDSC membrane 
coating, efficient tumor-targeting capabilities in vivo.

To test this hypothesis, we injected C57BL/6 melanoma 
mice with MNP, MNP@RBC, and MNP@MDSC via tail vein 
and assayed tissue uptake of the nanoparticles in terms of Fe 
content with inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES). 1 d after injection, the MNP@MDSC group 
had the highest Fe content in the tumor compared with MNP or 
even MNP@RBC group (Figure S4a, Supporting Information). 
Consistently, MNP contents in the tumor tissue were much 
higher with MNP@MDSC than with naked MNP or MNP@
RBC as revealed by Prussian blue staining (Figure S4b, Sup-
porting Information). These results confirmed that the MNP@
MDSCs are even more efficient in escaping the host immune 
clearance and active targeting to the tumor microenvironment.

2.4. In Vivo MRI and PTT Effect of MNP@MDSC

Further, to investigate the in vivo pharmacokinetics and bio-
distribution, we injected MNP, MNP@RBC, or MNP@MDSC 
(5 mg mL−1 in 200 µL PBS) intravenously to ICR mice (n = 4) 
and measured the Fe concentration in blood at various time 
points using ICP-AES. Notably, both the MNP@RBC and 
MNP@MDSC groups exhibited significantly longer circula-
tion time than MNP group (Figure 3a). Furthermore, in inves-
tigating the in vivo Fe accumulation in major organs at 48 h 
postinjection, we found that the nanoparticles predominantly 
accumulated in the liver and the spleen which are the two pri-
mary phagocyte-enriched reticuloendothelial systems (RES). 
Among the four, the MNP@RBC and the MNP@MDSC groups 
showed significantly lower accumulation in the liver and the 
spleen than the MNP group (Figure 3b), demonstrating the 
benefit of MDSC or RBC membrane coating in decreasing RES 
uptake and maintaining the plasma concentration of MNPs.

The efficient and active targeting of MNP@MDSC to tumors 
potentially makes these nanoparticles better agents than existing 
MNPs for MRI and therapy with PTT, two theranostics capa-
bilities afforded by the use of MNPs. We first evaluated the 
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Figure 2.  In vivo toxicity evaluation. a) Mice body weight curves after intravenous injection of PBS, MNP, MNP@RBC, or MNP@MDSC (n = 5 in 
each group). b–d) Hepatic and renal function indicators of the mice after intravenous injection of PBS, MNP, MNP@RBC, or MNP@MDSC. (ALP, 
alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRE, creatinine; BUN, blood urea nitrogen.) e) Representative 
histological sections of vital organs (heart, liver, spleen, lung, and kidneys) stained with hematoxylin and eosin at four weeks after intravenous injection 
of PBS, MNP, MNP@RBC, or MNP@MDSC.
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relaxation rate (R2) of MNP@MDSC and MNP in magnetic 
resonance using a 7.0 T MRI instrument (Figure S5, Supporting 
Information). The result demonstrated that membrane coating 
did not impact Fe3O4 nanoparticles’ MRI ability, suggesting 
the high potential of MNP@MDSC as a T2-weighted MRI 
contrast agent. For in vivo MRI imaging, BALB/c nude mice 
bearing B16/F10 melanoma xenografts received 200 µL PBS 
containing MNP, MNP@RBC, or MNP@MDSC at a concen-
tration of 5 mg mL−1. At half an hour after injection, MRI was 
conducted on the same 7.0 T instrument. The mouse injected 
with MNP@MDSC yielded a fortified dark image at the tumor 
site in comparison to MNP@RBC and MNP group (Figure 3c), 
suggesting that MNP@MDSC has the most active and spe-
cific tumor-targeting out of the three nanoparticles. To demon-
strate the use of MNP@MDSC for PTT, C57BL/6 mice bearing 
B16/F10 melanoma were injected with PBS or PBS containing 
MNP, MNP@RBC, or MNP@MDSC. Then the tumor site was 
irradiated with IR laser continuously for 5 min at half an hour 
after injection and temperatures at tumor surfaces were moni-
tored using an IR camera. In the MNP@MDSC treatment group, 
the temperature of tumor surface increased from 34.4 to 54.7 °C 
(Figure 3d). This result is in good agreement with the superior 
tumor-targeting of MNP@MDSC compared with the other MNPs  
and demonstrates their potential value as an efficient PTT agent.

2.5. PTT-Inducing Immunogenic Cell Death (ICD) and  
Macrophages Polarization of MNP@MDSC

Indeed, analysis of protein expression in tumor tissues after 
PTT with laser irradiation showed enhanced tumor cell 

killing in the presence of MNP@MDSC, likely through PTT-
induced ICD (a form of cell death). The immunogenic signa-
ture of ICD is the release of high-mobility group protein B1 
(HMGB1), which can function as an “eat me” signal for the 
innate immune system, and exposure of Calreticulin and secre-
tion of ATP.[15] In this study, we detected substantial levels of 
HMGB1 and Calreticulin after PTT in MNP@MDSC group 
compared with those of control group (Figure 4a; Figure S6, 
Supporting Information), indicating that MNP@MDSC com-
bination with PTT significantly enhanced ICD. As MNPs were 
known to also induce macrophage state switch from M2 to M1, 
we set out to investigate whether the same could be achieved 
with MNP@MDSC. In vitro, coculture of cancer cells (B16/
F10) and macrophages (RAW264.7) with or without nanoparti-
cles (MNP or MNP@MDSC) shows that the sign of M1 mac-
rophage associated gene expression (iNOS and CD86) was 
activated after nanoparticles treatment by reverse transcription 
polymerase chain reaction (RT-PCR). Conversely, the sign of M1 
macrophage associated gene expression (Arginase 1 and CD206) 
was inhibited (Figure S9, Supporting Information). Further, 
we analyzed single-cell suspensions from lymph node, blood, 
and spleen with flow cytometry in vivo assay (Figure 4b). The 
results demonstrated that MNP@MDSC leads to M1 polariza-
tion of macrophage (CD11b+F4/80+CD86+) and concomitant 
M2 (CD11b+F4/80+CD206+) macrophages were decreased 
(Figure 4c,d; Figure S7, Supporting Information). Parallelly, 
immunofluorescence analysis of tumor sections showed that 
the numbers of CD206+ M2 macrophages significantly reduced 
(Figure S8a, Supporting Information). Conversely, the num-
bers of CD86+ M1 macrophages were significantly reduced in 
tumor microenvironment at MNP@MDSC group (Figure S8b, 
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Figure 3.  Targeting of MNPs to tumor sites for MR imaging and PTT. a) In vivo pharmacokinetic curves over a span of 48 h after intravenous injection 
of MNP, MNP@RBC, or MNP@MDSC into ICR mice. The inset is blood retentions of Fe content 24 h after injection. n = 4 in each group. b) Biodis-
tribution of the nanoparticles 48 h after intravenous injection into ICR mice. n = 4 in each group. c) T2-weighted MR images of B16/F10-tumor-bearing 
mice taken before and after injection of the nanoparticles. d) IR thermal images and tumor temperature measurements of B16-F10 tumor-bearing mice 
with or without intravenous injection of PBS, MNP, MNP@RBC, or MNP@MDSC, after exposure to an 808 nm laser at a power density of 5 W cm−2 
for 5 min. The circles indicate tumor sites. The data points represent mean ± s.d; ***, p < 0.001.
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Supporting Information). Moreover, MNP@MDSC synergy 
with PTT significantly increased tumor infiltrating CD8+ T cells 
compared with those of control groups (Figure S10, Supporting 
Information). Overall, these data indicated that antitumor 
immune response enhanced in MNP@MDSC treatment group.

2.6. In Vivo Antitumor Efficacy of MNP@MDSC

Based on these results, we then evaluated the antitumor 
effects of MNP@MDSC in C57BL/6 mice bearing B16/F10 
melanoma. The mice were randomly divided into six groups 
and intravenously injected with different agents and inter-
vention. The mice tumor volumes were measured every 3 d. 
The PBS group exhibited a rapid increase of tumor volume. 
Consistent with previous report, mice treated with MNP 
alone could inhibit tumor growth to some extent. However 
MNP themselves are insufficient to inhibit the tumor growth. 
The tumor-treated laser, MNP + laser, or MNP@RBC + laser 
also exhibit gradually strengthened tumor inhibition effects. 
Remarkably, tumor growth was nearly completely inhibited 
in MNP@MDSC + laser treatment group (Figure 5a). The 
coincident results are shown in the photographs of tumors 
(Figure 5b) and weight of tumor (Figure S11, Supporting 
Information). Besides, during treatment, the changes of body 
weight in MNP@MDSC treatment group were comparable to 
the rest of the group, indicating MNP@MDSC with a low risk 

of serious side effects (Figure 5c). With significant advances 
in mechanistic understanding of tumor biology, reprogram-
ming of energy metabolic and evasion of immune destruction 
was added into the hallmarks of cancer.[16] In this study, we 
used an 18-fluoro-6-deoxy-d-glucose (FDG)-position emission 
tomography (PET) scanning analysis to evaluate the effects 
of MNP@MDSC on tumor metabolic activity.[17] The results 
showed that MNP@MDSC significantly inhibited tumor 
metabolic activity compared with those of control group 
(Figure 5d; Figure S12, Supporting Information), indicating 
that MNP@MDSC possesses high efficacy in antitumor. Fur-
thermore, histological examination was used to evaluate the 
effect of antitumor. The results revealed that PTT significantly 
inhibited tumor proliferation and promoted tumor cells apop-
tosis in MNP@MDSC group, which are likely the results of 
decreased tumor metabolic rate and enhanced ICD (Figure 5e; 
Figure S13, Supporting Information).

3. Conclusions

In summary, we have designed and synthesized a novel MDSC 
membrane coated iron oxide nanoparticle and demonstrated 
its superior performance in immune escape, tumor-targeting, 
MR imaging, and PTT-induced tumor killing. Compared with 
MNP@RBC or naked MNP, MNP@MDSCs are much more 
effective in active tumor-targeting, a beneficial property afforded 
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Figure 4.  MNP-induced ICD and macrophage state switch. a) Representative images of mouse tumor slices stained for THMGB1 (top) and Calreti-
culin (bottom) after the indicated treatments. Scale bar = 20 µm. b) Representative flow cytometry plots of cell suspensions from the spleen using M1 
(CD86+) and M2 (CD206+) macrophage markers. c) Percentage of CD86+ cells within the CD11b+F4/80+ population of suspension cells from the mouse 
spleen after different treatments. d) Percentage of CD206+ cells within the CD11b+F4/80+ population of suspension cells from the mouse spleen after 
different treatments. e) Representative flow cytometry images of CD4 positive cells from lymph node (LN). f) Quantification of CD4 positive cells in 
total cells in LN. g) Representative flow cytometry images of CD8 positive cells from LN. h) Quantification of CD8 positive cells on total cells in LN.
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by coating MNPs with membranes from naturally occurring 
MDSC, thus converting the MNPs into “smart” agents that 
like to accumulate in tumors as the original MDSCs. Once tar-
geted to the tumor, MNP@MDSC can act as a PTT agent for 
enhanced antitumor response by inducing ICD, reprogram-
ming the tumor-associated macrophages, and reducing the 
tumor metabolic activity. These benefits, in combination with 
the excellent biocompatibility and pharmacological kinetics 
characteristics, make MNP@MDSC a promising, multimodal 
agent for cancer theranostics.

4. Experimental Section
Cells and Animal Models: B16/F10 murine melanoma cells and 

RAW 264.7 murine macrophage-like cells were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA) and genotype 
confirmed using STR sequence. Cell lines were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM)/F12, 10% fetal bovine serum (FBS), 
at 5% CO2, and 37 °C in a humidified incubator according to ATCC 
guidelines. ICR mice (male, 6–8 weeks old), BALB/c nude mice (female, 
6–8 weeks old), and C57BL/6 mice (female, 6–8 weeks old) were 
purchased from Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (China). BALB/c nude mice bearing B16-F10 melanoma xenografts 
were obtained by subcutaneous (s.c.) injection of 50 µL serum-free cell 
medium containing 5 × 105 B16/F10 cells into the shoulder of each 
mice. After the tumor formation, the tumor-bearing mice were used 
for MRI experiment. To establish melanoma-bearing C57BL/6 mouse 
model, B16/F10 cells (1 × 106 cells in 200 µL serum-free cell medium) 

were inoculated subcutaneously into the flank of C57BL/6 mouse. After 
the tumor volume reached 50 mm3, the tumor-bearing mice were used 
for further experiments. All the animal procedures were performed 
according to the guidelines of the Institutional Animal Care and Use 
Committee at Wuhan University.

Myeloid-Derived Suppressor Cell Isolation: Myeloid Derived Suppressor 
Sell Isolation Kit (mouse) was purchased from Miltenyi Biotec 
(Germany). First, single cell suspensions were obtained from the spleen 
of C57BL/6 mouse model. The MDSCs were indirectly magnetically 
labeled with Anti-Gr-1-Biotin and anti-Biotin microBeads. Then, the cell 
suspension was loaded on to a MACS Column, which is placed in the 
magnetic field of a MACS Separator. The magnetically labeled cells were 
retained with the column. After removing the column from the magnetic 
field, the magnetically labeled cells were collected in 15 mL centrifuge 
tube. To increase the purity of MDSCs, repeat the magnetic separation 
procedures as above described steps. Next, cells were fluorescently 
stained with CD11b-FITC (eBioscience, San Diego, CA) and Gr-1-PE 
(eBioscience, San Diego, CA) and analyzed by flow cytometry to confirm 
the purity of MDSCs. Cell debris and dead cells were excluded from the 
analysis based on scatter signals and propidium iodide fluorescence.

Preparation of MDSC Membrane, MNP, and MNP@MDSC: MDSC 
membrane, MNP, and MNP@MDSC were prepared as previously 
reported with slight modifications.[18]

In Vivo Pharmacokinetics and Biodistribution: To study the 
pharmacokinetics of particles, 16 ICR mice (n  = 4) received an 
intravenous (i.v.) injection of 200 µL PBS or PBS containing MNP, 
MNP@RBC, or MNP@MDSC at a dose of 25 mg Fe kg−1. At various 
time points after the injection, 50 µL blood were collected via the 
tail veins, and then Fe content was quantified with ICP-AES. To study 
the biodistribution of the particles in various organs, all mice were 
euthanized on the fifth day after the injection and their hearts, livers, 
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Figure 5.  In vivo photothermal therapy. a) Growth (in volume) curves of mouse tumors in different treatment groups. b) Representative photographs 
of tumors from different treatment groups. c) Tumor weight in different treatment groups. d) F18-FDG PET images (coronal, transverse, and sagittal) 
of tumors in different treatment group. e) Representative images of mouse tumor slices stained for Ki-67 after different treatments. Scale bar = 50 µm.



www.afm-journal.dewww.advancedsciencenews.com

1801389  (8 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2018, 28, 1801389

spleens, kidneys, lungs, and blood were carefully collected. The blood 
was used for blood biochemical analysis. Partial organs were weighed 
and then Fe content of organs was quantified with ICP-AES.

In Vivo Toxicity Evaluation: In order to test the potential in vivo toxicity 
of MNP@MDSC, 20 ICR mice (n = 5) received an i.v. injection of 200 µL 
PBS, or PBS containing MNP, MNP@RBC, or MNP@MDSC at the 
concentration of 5 mg mL−1. General status of the mice was evaluated 
every day by veterinarian and mice body weights were measured using 
a digital scale every 4 d. All mice were euthanized on the 24th d after 
the injection and their blood samples and major organs (i.e., hearts, 
livers, spleens, lungs, and kidneys) were collected. Three important 
hepatic indicators and two primary indicators for kidney functions were 
measured by using a blood biochemical autoanalyzer (7080, HITACHI, 
Japan). The complete blood panel data from healthy control and treated 
mice were also tested. Partial organs were fixed in 4% neutral buffered 
formalin, processed routinely into paraffin and sectioned at 4 µm. Then 
the sections were stained with H&E, and examined using an optical 
microscope (BX51, Olympus, Japan).

In Vivo Chemotaxia Test: In order to test MNP@MDSS active targeting 
tumor microenvironment, 12 BALB/c nude mice bearing B16-F10 tumor 
xenografts (n = 4) received an i.v. injection of 200 µL PBS containing MNP, 
MNP@RBC, or MNP@MDSC at a dose of 25 mg Fe kg−1. At 24 h after the 
injection, all mice were anesthetized and then the tumors were excised 
from mice. Fe content in tumor was quantified with ICP-AES. Partial tumor 
specimens were stained with Prussian blue (Servicebio, Wuhan, China) 
and examined using an optical microscope (BX51, Olympus, Japan).

In Vivo T2-Weighted MRI: In order to test in vivo MRI, nine BALB/c 
nude mice bearing B16-F10 tumor xenografts (n  = 3) received an 
intravenous injection of 100 µL PBS containing MNP or MNP@
MDSC at the concentration of 2.5 mg Fe kg−1. Before and 0.5 h after 
the injection, all mice were evaluated by a 7.0 T Bruker PharmaScan 
animal instrument and T2-weighted MR transversal cross-section images 
were collected utilizing a fast spin-echo sequence under the following 
parameters: TR = 2000 ms, TE = 36 ms, FA = 180°, matrices = 256 × 256, 
field of view (FOV) = 3.0 cm, slice thickness = 0.8 mm.

In Vivo PTT Evaluation: Sixteen tumor-bearing mice (n  = 4) were 
i.v. injected with 100 µL PBS or PBS containing MNP, MNP@RBC, 
or MNP@MDSC at a dose of 2.5 mg Fe kg−1. Half an hour after the 
injection, tumor sites of these mice were treated with the laser irradiation 
at 5 W cm−2 for 5 min and then the temperatures of the tumor site were 
individually measured using an infrared (IR) thermographic camera 
(FORTRIC225, Shanghai Thermal Image Electromechanical Technology 
Co. Ltd., China).

In Vivo Immunogenic Cell Death Evaluation: Thirty C57BL/6 mice 
bearing B16-F10 tumor xenografts (≈150 mm3 in volume) were 
randomly separated into six group (n = 5) and received an i.v. injection 
of 200 µL PBS (group 1), 200 µL PBS containing MNP (group 2), 200 µL  
PBS (group 3), 200 µL PBS containing MNP (group 4), 200 µL PBS 
containing MNP@RBC (group 5), and 200 µL PBS containing MNP@
MDSC (group 6) at a dose of 25 mg Fe kg−1 every 3 d. Half an hour after 
injection, the tumor sites (from group 3 to group 6) were treated with 
the laser irradiation at 5 W cm−2 for 5 min. On the 24th d after the first 
injection, all mice were anesthetized by intraperitoneal (i.p.) injection of 
80 µL 10% chloral hydrate solution and then the tumors were excised 
from mice. Partial tumor specimens were fixed in 4% neutral buffered 
formalin, processed routinely into paraffin and sectioned at 4 µm. 
Then, the tumor sections were stained with HMGB1 (Cell Signaling 
Technology) and Calreticulin (Abcam). The next day, slides were 
incubated with fluorochrome conjugated secondary antibodies (Alexa 
594 anti-rabbit; Invitrogen) and nuclei were stained with DAPI (Vector 
Laboratories). Then, fluorescence images were captured through a 
CLSM-310, Zeiss fluorescence microscope.

Flow Cytometry Analysis: To analyze the polarization of macrophage 
in tumor microenvironment, the single cell suspension was incubated 
with anti-CD11b-FITC, anti-F4/80-Percp-Cy5.5, anti-CD206-APC, anti-
CD86-PE (all from eBioscience, San Diego, CA) and isotype-matched 
IgG controls (eBioscience, San Diego, CA). Meanwhile, anti-CD4-FITC 
and anti-CD8-PE (eBioscience, San Diego, CA) antibodies were used for 

analysis of T cell. The results were disposed using FlowJo (Tree Star). 
7AAD (Invitrogen) was used to exclude death cells.

In Vivo Antitumor Effects Evaluation: The mice body weight and tumor 
volumes (according to the formula (width2 × length)/2) of 30 C57BL/6 
tumor-bearing mice were individually measured after each treatment. 
On the 20th d after the first injection, all mice tumor metabolic were 
monitored using mouse micro-PET imaging system (Raycan Technology 
Company, Ltd., Suzhou, China). On the 24th d after the first injection, all 
mice were anesthetized and then the tumors were excised from mice. 
First, weight of tumor was measured. Then, partial tumor specimens 
were stained with Ki67 (Servicebio, Wuhan, China), TUNEL (Servicebio, 
Wuhan, China), and CD8 (Cell Signaling Technology). The next day, slides 
were incubated with fluorochrome conjugated secondary antibodies 
(Alexa 594 anti-rabbit, Alexa 488 anti-rabbit, Invitrogen) and nuclei were 
stained with DAPI (Vector Laboratories). Fluorescence images were then 
captured using a CLSM-310, Zeiss fluorescence microscope.

Statistical Analyses: Data analyses were performed using Graph Pad 
Prism version 5.0 for Windows (Graph Pad Software Inc., La Jolla, CA). 
Unpaired t-test and one-way ANOVA followed by the post-Tukey multiple 
comparison tests was used to analyze significant difference. Data were 
represented as the mean ± SEM. Differences (P < 0.05) were considered 
statistically significant.

Experimental details are provided in the Supporting Information.
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