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Abstract. M2 macrophages serve roles in inhibiting inflam‑
mation and promoting tumor development. Reversing 
tumor‑associated macrophages (TAMs) from M2‑ to M1‑type 
polarization may provide an important strategy for tumor 
immunotherapy. The present study aimed to enhance 
antitumor immunity by targeting the concentration of 
iron in macrophages. Fe3O4‑based poly(lactic‑co‑glycolic) 
acid  (PLGA) nanoparticles surface‑modified with an 
anti‑CD206 monoclonal antibody were prepared using the 
oil in water single‑emulsion technique. Particle size was 
measured using a particle size analyzer, the ζ potential was 
determined using a ζ potential analyzer and the carrier rate 
of Fe3O4 was measured using an iron assay kit. The conjuga‑
tion of anti‑CD206, and the ability to target M2 macrophages 
were studied via immunofluorescence. Polarization indexes 
of the macrophages were detected using both western blot‑
ting and reverse transcription‑quantitative PCR (RT‑qPCR), 
and a mouse model with subcutaneous tumors was estab‑
lished to verify the antitumor effects of the nanoparticles 
in  vivo. Nanoparticles had a mean diameter in the range 
of 260‑295  nm, and the ζ  potential values were between 
‑19  and  ‑33 mV. The Fe3O4 association efficiency ranged 
from 65‑75%, whereas the anti‑CD206 conjunction efficiency 
ranged from 65‑70%. The immunofluorescence experiments 
were able to demonstrate the successful targeting of the M2 
macrophages. The western blotting and RT‑qPCR experi‑
ments identified that CD206‑Fe3O4‑PLGA and Fe3O4‑PLGA 

promoted the expression of TNF‑α, inducible nitric oxide 
synthase (iNOS) and IL‑1β in the macrophages. The in vivo 
studies indicated that CD206‑Fe3O4‑PLGA nanoparticles 
were able to promote CD86 expression in TAMs, with CD86 
being a specific marker of the M1  subtype. In summary, 
nanoparticles were characterized in the present study by 
their mean particle size, polydispersity index, ζ potential 
and morphology, as well as by their association with Fe3O4 
and conjugation with the anti‑CD206 monoclonal antibody. 
Collectively, the present results suggested that the nanopar‑
ticles were able to both target M2 macrophages and reverse 
the M2 polarization of the macrophages to the M1 phenotype 
via the release of coated iron‑oxide particles.

Introduction

Different macrophage subtypes have varying surface 
molecules and secrete different cytokines. M1 macrophages 
secrete pro‑inflammatory factors, including TNF‑α, IL‑23 
and IL‑1β, which exert pro‑inflammatory and cytotoxic 
effects in the early stage of the inflammatory response (1). 
On the other hand, M2 macrophages secrete IL‑10, which 
promotes angiogenesis and is involved in the patho‑
logical processes of tissue repair and wound healing (1). 
Macrophages also exert important roles in iron metabo‑
lism due to their versatile roles during innate immunity. 
For instance, M1 macrophages are often referred to as an 
‘iron‑sequestering phenotype’. These M1 macrophages 
express high levels of ferritin, divalent metal transporter 1 
and CD91, but low levels of transferrin receptor and ferro‑
portin (FPN) (2). Moreover, M1 macrophages restrict the 
growth and proliferation of pathogens by maximizing iron 
uptake and storage, lowering iron excretion and decreasing 
the levels of iron ions available to pathogens (3,4). M2 have 
an iron‑release phenotype, and thus can express more FPN 
and release intracellular iron ions (3-5). M2 macrophages 
release iron ions from the labile iron pool, alter the local 
microenvironment and increase the availability of iron ions 
in adjacent cells, thereby promoting the proliferation of adja‑
cent cells, increasing collagen deposition and accelerating 
damage repair and regeneration (5).
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Fe3O4 nanoparticles are commonly used as contrast 
agents and drug carriers (6,7). Zanganeh et al (8) reported 
that Fe3O4 nanoparticles could promote the polariza‑
tion of tumor‑associated macrophages (TAMs) towards 
the M1  type, and significantly increase the production 
of reactive oxygen species (ROS) in macrophages. Super 
paramagnetic iron‑oxide nanoparticles (SPIONs) are mainly 
phagocytized by macrophages, and are degraded into iron ions 
in lysosomes (9), causing iron overload in macrophages and 
ultimately promoting the repolarization of M2 macrophages 
to M1 macrophages (10).

Poly(lactic‑co‑glycolic) acid (PLGA) is a type of polymer 
synthesized by the polymerization of lactic acid and glycolic 
acid in a certain ratio (11). Copolymers with different degra‑
dation periods can be obtained by adjusting the ratio and 
molecular weight of the two polymers. The final metabolic 
products of PLGA in the body are water and carbon dioxide, 
and therefore it is safe to use and is non‑toxic (12). PLGA, first 
used as a long‑acting controlled‑release system in the 1970s, 
has been certified by the US Food and Drug Administration, 
and is officially included in the US Pharmacopoeia as a 
pharmaceutical excipient (13,14). Currently, numerous studies 
have focused on PLGA as a targeted nano‑delivery system 
for delivering chemotherapeutic cancer drugs to the target 
tissues (15). PLGA offers a number of advantages, including 
decreased systemic toxicity, increased blood circulation times 
and enhanced accumulation at the tumor site for the deliv‑
ered drug (16‑19). Therapeutic nanoparticles can be rapidly 
removed from the internal circulation by phagocytic immune 
cells, mainly by the circulating monocytes and macro‑
phages (20). Previous studies have revealed that the majority of 
the nanoparticles concentrate in the liver and spleen, and only 
a small portion of the nanoparticles are deposited in tumor 
tissues via the blood circulation (21,22).

Targeted ligands, such as antibodies and aptamers, are 
often bound to the outer surface of nanoparticles during the 
process of designing ‘active’ drug delivery systems, which 
helps to deliver payloads specifically to the sites carrying 
homologous receptors for targeted ligands (23). Ligands help to 
internalize conjugates, and the payload carried by conjugates 
can be transferred in cells (23‑25).

The present study aimed to enhance antitumor immunity 
by targeting the iron concentration in TAMs using Fe3O4‑based 
PLGA nanoparticles, which were conjugated with anti‑CD206 
monoclonal antibody.

Materials and methods

Materials. Acid‑terminated PLGA copolymer (50:50 ratio of 
lactic acid to glycolic acid; molecular weight, 12 kDa) was 
purchased from Sigma‑Aldrich; Merck KGaA. Fe3O4 nano‑
crystals (diameter, 10 nm) coated with oleic acid and dispersed 
in chloroform (20  mg/ml) were provided by Xi'an Ruixi 
Biological Technology Co., Ltd. 2‑Morpholinoethanesulfonic 
acid (MES), 1‑ethyl‑3‑(3‑dimethylaminopropyl) carbodiimide 
hydrochloride (EDC) and N‑hydroxysuccinimide  (NHS) 
were purchased from Sigma‑Aldrich; Merck KGaA. Ferric 
citrate was also obtained from Sigma‑Aldrich; Merck KGaA. 
Invitrogen® FBS was purchased from Thermo Fisher Scientific, 
Inc., while HyClone® DMEM was obtained from Cytiva. 

Penicillin and Fungizone® antimycotic and DMSO were 
provided by Thermo Fisher Scientific, Inc.

GAPDH (cat. no. ab9485), anti‑CD206 (cat. no. ab64693), 
F4/80 (cat.  no.  ab100790) and CD86 (cat.  no.  ab119857) 
monoclonal antibodies were obtained from Abcam. IL‑1β 
(cat.  no. GTX74034), IL‑10 (cat.  no. GTX130513), TGF‑β 
(cat. no. GTX21279), TNF‑α (cat. no. GTX110520), induc‑
ible nitric oxide synthase (iNOS; cat. no. GTX130246) and 
Arginase 1 (Arg1; cat. no. GTX124113) were purchased from 
GeneTex, Inc. Goat anti‑rabbit secondary antibodies labeled 
with Alexa Fluor® 647 (cat. no. ab150079), rat anti‑mouse 
secondary antibodies labeled with FITC (cat. no. ab99572) 
and goat anti‑rabbit secondary antibodies labeled with tetra‑
methylrhodamine (TRITC; cat. no. ab7087) were obtained 
from Abcam. Horseradish peroxidase‑labeled goat anti‑mouse 
(cat.  no.  A0216) and goat anti‑rabbit (cat.  no.  A0208) 
secondary antibodies were purchased from Beyotime Institute 
of Biotechnology.

The iron ion detection kit was purchased from 
Sigma‑Aldrich; Merck KGaA. BSA, DilC18(3) (DIL) and poly 
(vinyl alcohol) (PVA) were obtained from Beyotime Institute 
of Biotechnology. The primers used in the PCR experiments 
were from BBI Life Sciences Corporation, and the sequences 
of these PCR primers are presented in Table I.

Preparation of nanoparticles. The oil in water method (26) 
was used to manufacture the nanoparticles. PLGA (200 mg), 
Fe3O4 (400 µl of a 20 mg/ml solution) and 9.4 µg DIL were 
dissolved in 2 ml dichloromethane at room temperature for 
30 sec as the oil phase, and then 8 ml 4% PVA solution was 
added to serve as the aqueous phase. The emulsion formed was 
homogenized at room temperature using an ultrasonic oscilla‑
tion instrument (Shanghai Yanyong Ultrasonic Instrument Co., 
Ltd.) with the amplitude set at 70% for 1 min. The previous 
emulsion was subsequently added to 15 ml 0.2% PVA aqueous 
solution, and the organic solvent was removed via evaporation 
using a rotavapor for 90 min at room temperature. This was 
followed by a subsequent centrifugation (15,000 x g for 10 min 
at 4˚C) to obtain the nanoparticles, which were then washed 
three times with water.

Conjugation of anti‑CD206 antibody to the nanoparticles. 
Carbodiimide‑mediated amide bond formation was used to 
prepare the anti‑CD206 monoclonal antibody‑conjugated 
nanoparticles, as described previously by Moura et al (27). 
The prepared nanoparticles were resuspended in 10 ml MES 
buffer (pH 6.0). A total of 1 ml EDC (0.1 M) was added to 
the nanoparticle suspension with mild stirring for 15 min at 
room temperature, then 1 ml NHS (0.7 M) was added and 
the mixture was continually stirred for a further 45 min. The 
remaining reagents in the coupling reaction were removed via 
centrifugation (15,000 x g for 10 min at 4˚C). Subsequently, 
the nanoparticles were washed with MES (pH 8.0) for 5 min 
and repeat three times, and finally re‑dispersed in 2  ml 
double‑distilled water. Anti‑CD206 antibody solution (100 µl) 
was added to the activated nanoparticle suspension for anti‑
body conjugation, and incubated at room temperature for 2 h. 
The mixture was centrifuged again (15,000 x g for 10 min at 
4˚C) in order to remove any excess unconjugated anti‑CD206 
antibody, and washed three times with PBS for 5 min.
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Measurements of nanoparticles. The particle size, size 
distribution (polydispersity index) and ζ  potential of the 
nanoparticles produced were measured using a laser particle 
size analyzer (Brookhaven Instruments Corporation). Using 
ultrapure water as the medium, 50 mg nanoparticles were 
distributed in ultrapure water and a 2 ml suspension was 
then collected and placed in the colorimetric dish. When 
the temperature of suspension had equilibrated at 25˚C, 
the distribution and particle size of the microspheres were 
analyzed using a laser particle size analyzer. The nanoparticle 
freeze‑dried powder was adhered to the electron microscope 
plate with conductive adhesive, and the surface characteristics 
of the sample were observed at room temperature by scanning 
using an electron microscope (S‑3000N model; Hitachi, Ltd., 
magnification, x50,000). All samples were measured with 
three independent batch power sources (six runs; 10 cycles 
each). Suspensions were prepared using 50 mg nanoparticle 
freeze‑dried 173 powder dispersed in ultra9pure water, and 
then 2 ml suspension was used to observe and collect images 
with an optical microscope (LV100ND; Nikon instruments 
Co., Ltd, magnification, x100).

Tissue immunofluorescence. The frozen sections of subcuta‑
neous tumor tissue (thickness, 5 µm) were prepared at ‑16˚C 
and preserved at ‑4˚C, and the sections were washed three 
times with PBS and sealed at room temperature for 1 h with 
2% BSA. The sections were subsequently washed three times 
with PBS and incubated with primary antibodies of F4/80 
(1:1,000) and CD86 (1:1,000) at room temperature for 12 h. 
Next, the frozen sections were washed with PBS and incubated 
with secondary antibodies (cat. nos. ab150079 and ab99572; 
1:1,000) at room temperature for 1 h. DAPI was used for nuclear 
staining at room temperature for 5 min, and the tissue sections 
were sealed via anti‑fluorescent quenching. Under high‑power 
magnification (x200), tissue immunofluorescence micrographs 
were screened, and images were captured using a fluorescence 
microscope (Leica Microsystems, Inc.).

ROS level detection. Macrophages were cultured in 2  ml 
medium with 500 µl suspension of PLGA (10 mg), Fe3O4‑PLGA 
(10 mg) or CD206‑Fe3O4‑PLGA (10 mg) for 12 h at 37˚C. ROS 
levels in macrophages were measured using a 2,7‑dichloro‑
fluorescin diacetate (DCFH‑DA) probe (Beyotime Institute of 
Biotechnology). Fluorescence microscopy was used to observe 
the expression of green fluorescence in cells, and the images 
were captured at a x200 magnification.

Iron oxide nanoparticle association ef f iciency. The 
Fe3O4 concentration was analyzed using an iron assay kit 
(Sigma‑Aldrich; Merck  KGaA). Aliquots of 10  µl of the 
100 mM Iron Standard solution were diluted with 990 µl 
water to generate a 1  mM standard solution. Different 
amounts of the 1 mM standard solution (0, 2, 4, 6, 8 and 
10 µl) were added into a 96‑well plate to generate 0, 2, 4, 6, 
8 and 10 nmol/well standards at room temperature, respec‑
tively. Iron Assay buffer was then added to each well to 
bring the volume to 100 µl, prior to the addition of 5 µl Iron 
Reducer to each standard well. Lyophilized powder (10 mg) 
of CD206‑Fe3O4‑PLGA or Fe3O4‑PLGA nanoparticles was 
completely dissolved in 500 µl DMSO. Subsequently, 50 µl 
this solution was mixed with 50 µl Iron Assay buffer and 
5 µl Iron Reducer. A horizontal shaker was used to mix 
the samples, and the reaction mixture was incubated for 
30 min at room temperature, protecting the plate from light 
during the incubation. Subsequently, 100 µl Iron Probe was 
added to each well containing standard or test samples. 
The samples were mixed using a horizontal shaker, and the 
reaction was allowed to incubate in the dark for 60 min at 
room temperature. Ultraviolet spectrophotometer (Thermo 
NanoDrop 3300, Thermo Fisher 012 Scientific, Inc.) was 
used to determine the absorbance value of each sample at 
593 nm. The absorbance values obtained from appropriate 
iron standards were then used to plot a standard curve, and 
the concentration of iron was obtained via value conversion. 
The carrier rate of Fe3O4 was determined using the following 
formula: Carrier rate of Fe3O4 (%)=(the mass of Fe3O4 in the 
sample)/(the total mass of added Fe3O4) x100%.

Effect of nanoparticles on mouse model. A total of 15 female 
6‑week‑old BALB/c‑57 mice weighing 18‑22 g were purchased 
from the Experimental Animal Center of Chongqing Medical 
University. Full value nutrient granulated feed was used to 
raise mice, and the feed was added twice a week. The water 
was supplied by drinking bottle, and the drinking bottle was 
changed 2‑3  times a week. The feeding environment was 
controlled at 18‑22˚C, humidity was 50‑60%, and the light/dark 
cycle was 12:12 h.

Animals received humane care in accordance with 
the guidelines provided by the Administrative measures 
of Chongqing Municipality on laboratory animals (order 
no. 195 of Chongqing Municipal People's Government). The 
animal protocols used in the present study were evaluated 
and approved by the Animal Use and Ethics Committee of 

Table I. Sequences of the primers used for reverse transcription‑quantitative PCR.

Primer	 Forward	 Reverse

Arg1	 5'‑CCCCAGTACCAACAGGACTACC‑3'	 5'‑TGAACGTGGCGGAATTTTGT‑3'
TNF‑α	 5'‑GGATCTCAAAGACAACCAAC‑3'	 5'‑ACAGAGCAATGACTCCAAAG‑3'
iNOS	 5'‑CTGCAGCACTTGGATCAGGAACCTG‑3'	 5'‑GGAGTAGCCTGTGTGCACCTGGAA‑3'
TGF‑β	 5'‑ACCTGCAAGACCATCGACAT‑3'	 5'‑GGTTTTCTCATAGATGGCGT‑3'
GAPDH	 5'‑CACCCACTCCTCCACCTTTG‑3'	 5'‑CCACCACCCTGTTGCTGTAG‑3'

Arg1, arginase‑1; iNOS, inducible nitric oxide synthase.
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The 2nd Affiliated Hospital of Chongqing Medical University 
(protocol no. 2015‑18).

A total of 15 subcutaneous tumorigenic BALB/c‑57 mice 
were randomly divided into three groups (five mice/group). 
A total of 5x106 murine mammary carcinoma cells (4T1 cell 
line) were injected subcutaneously on the back of mice. About 
a week later, the diameter of subcutaneous tumor reached 
0.5 cm, and each mouse was given 200 µl PLGA suspen‑
sion, 200 µl CD206‑Fe3O4‑PLGA suspension or 200 µl ferric 
citrate solution via tail vein injection once a day for 14 days. 
All mice were sacrificed by neck dislocation, and the tumor, 
liver, spleen and lung were removed completely at the end of 
the experiment.

Determination of iron content in tissues. Subcutaneous tumors, 
livers, spleens and lungs were harvested from 15 subcutaneous 
tumorigenic mice. Portions of tissue (1.5 g) were carefully 
extracted and washed three times in PBS to completely remove 
the red blood cells. RIPA lysis buffer (5 ml, Beyotime Institute 
of Biotechnology) was then added, and the tissue samples 
were ground sufficiently for 20 min with a homogenizer, 
before the insoluble material was removed via centrifugation 
(15,000 x g for 10 min at 4˚C). The remaining procedures are 
the same as those aforementioned for the measurement of iron 
oxide nanoparticle association efficiency. The absorbance 
value of control group was used as the control, and the ratio 
of absorbance value between the experimental and control 
groups was regarded as the relative iron concentration.

Anti‑CD206 antibody conjugation ef f iciency. Rabbit 
anti‑mouse secondary antibodies (10 µl) to anti‑CD206 labeled 
with TRITC (Abcam) were added to the prepared nanoparticle 
suspension, and the mixture was incubated for 1 h at 37˚C. The 
mixture was subsequently centrifuged (15,000 x g for 10 min 
at 4˚C) to remove the excess secondary antibodies, and then 
washed three times with PBS. Fluorescence microscopy was 
used to observe the conjugation of the fluorescent secondary 
antibodies, and flow cytometry (FACSCalibur; BD Biosciences) 
was used to detect the carrier rate of anti‑CD206 antibodies at 
room temperature, and without a blocking treatment.

Cell culture. RAW 264.7 cells (mouse monocyte macrophages) 
and 4T1  cells (murine mammary carcinoma cells) were 
purchased from the American Type Culture Collection. Cells 
were cultured in HyClone® DMEM (Thermo Fisher Scientific, 
Inc.) with 10% FBS containing 1% (v/v) penicillin‑streptomycin 
and 1% (v/v) Fungizone® antimycotic. Cells were maintained 
in 37˚C humidified air containing 5% CO2.

1x106  macrophages were seeded in 6‑well plates and 
cultured with 2  ml medium for 3  h. A total of 2  µl IL‑4 
(SRP3211‑20UG, Sigma‑Aldrich; Merck KGaA)was then 
added into the medium, and the cells were cultured for a 
further 12 h at 37˚C to obtain high expression levels of CD206 
in the macrophages. Macrophages were subsequently incu‑
bated at 37˚C with 500 µl CD206‑Fe3O4‑PLGA nanoparticles 
or with Fe3O4‑PLGA nanoparticle suspension, for 30 min. 
Then, the macrophages were washed three times with PBS, 
incubated with rabbit anti‑mouse secondary antibodies labeled 
with TRITC (1:1,000) at room temperature for 1 h and washed 
with PBS for a further three times. Fluorescence microscopy 

was used to observe the targeting capacity of the nanoparticles 
(magnification, x400).

Effect of nanoparticles on macrophage polarization. 
1x107  macrophages were incubated with 2  µl IL‑4 for at 
37˚C 12 h to obtain macrophages highly expressing CD206. 
Subsequently, 500  µl CD206‑Fe3O4‑PLGA (10  mg/ml), 
Fe3O4‑PLGA (10 mg/ml), PLGA (10 mg/ml) or ferric citrate 
(1.2 mg/ml) was added into the medium, and the cells were 
cultured at 37˚C for a further 4 h. Protein and RNA were then 
harvested from the macrophages.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
Total RNA was extracted from the macrophages using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacture's protocol. A total of 30 ng 
RNA/sample was reverse transcribed into cDNA using the 
PrimeScript™ RT Reagent kit (Takara Biotechnology Co., 
Ltd. cat. no. RR037A) at 37˚C for 15 min, 85˚C for 5 sec and 
4˚C hold. A two‑step RT‑PCR program (Initial denaturation at 
95˚C for 5 sec, followed by the annealing/elongation stage with 
40 cycles for 30 sec at 60˚C) was used for amplification with 
specific primers (Sigma‑Aldrich; Merck KGaA). RT‑qPCR was 
performed using SYBR® Green (Takara Biotechnology Co., 
Ltd.) and the Applied Biosystems ABI Prism 7900 Sequence 
Detection system (Thermo Fisher Scientific, Inc.). Gene 
expression was analyzed according to the 2‑ΔΔCq method (28), 
and GAPDH mRNA expression was used as the control.

Western blotting. The concentration of protein was determined 
using the BCA method. After determining the protein concen‑
tration, 200 µl protein sample was mixed with 50 µl buffer 
and the sample protein was denatured at 100˚C for 10 min. 
Then, 10% SDS‑PAGE was performed with 30 mg aliquots 
of protein. The obtained PVDF membranes (Beyotime 
Institute of Biotechnology) were blocked with 5% BSA at 
room temperature for 60 min and incubated with primary 
antibodies of TNF‑α, IL‑1β, Arg1, TGF‑β, IL‑10 and iNOS 
(all 1:1,000) overnight at 4˚C. Subsequently, the membranes 
were incubated with the corresponding secondary antibodies 
(cat. nos. A0216 and A0208; 1:1,000) at 37˚C for 1 h. The 
membranes were washed three times with PBS‑Tween‑20 
(0.3% Tween), and then analyzed and scanned using Quantity 
One software (version 5.2.1; Bio‑Rad Laboratories, Inc.) after 
incubation with an enhanced chemiluminescence reagent 
(EMD Millipore).

Statistical analysis. All data were analyzed using SPSS 17.0 
software (SPSS, Inc.). All experiments were performed in 
triplicate and data are presented as the mean ± standard devia‑
tion. One‑way ANOVA followed by Tukey's test were used 
to compare the parameters among >2 groups. The statistical 
differences between two groups were determined using 
unpaired Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Characteristics of nanoparticles. The optical microscopy 
and scanning electron microscopy analyses identified that the 
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nanoparticles had a relatively uniform particle size, a spher‑
ical, smooth surface and a good dispersion (Fig. 1A and B). 
Fluorescence microscopy indicated that the anti‑CD206 
antibody labeled with TRITC was successfully conjugated 
with PLGA nanoparticles, and all the PLGA nanoparticles 
were labeled with DIL (Fig. 1C). The particle size of nanopar‑
ticles were 260‑295  nm, and the ζ  potential values were 
‑19 to ‑33 mv. The Fe3O4 association efficiency ranged from 
65‑75%, and the anti‑CD206 conjunction efficiency ranged 
from 65‑70% (Table II). It shows that the nanoparticles had 
a uniform particle size, good dispersion in aqueous solution, 
good Fe3O4 association efficiency and anti‑CD206 conjunction 
efficiency.

Selective enhancement of the intra‑tumoral iron level. Our 
previous study reported that body iron concentration at a high 
level in mice may inhibit tumor growth by promoting M1 
polarization in TAMs (29). Subsequent experimental results 
in the present study demonstrated that tail vein injection of 
ferric citrate in mice could significantly increase the iron 
content in the liver, spleen and lung compared with the saline 
group (Fig. 2A), which may lead to potential organ damage. 
RAW 264.7 cells were pretreated with IL‑4 to obtain M2 macro‑
phages, as TAM cells, which express high levels of CD206. 
CD206‑Fe3O4‑PLGA nanoparticles were used to transport 

Fe3O4 to CD206‑positive macrophages. Compared with the 
control group, CD206‑Fe3O4‑PLGA significantly increased 
the iron content in macrophages  (Fig.  2B). Fluorescence 
assay results demonstrated that the CD2060‑positive 
macrophages (i.e., M2 macrophages) exhibited a stronger 
PLGA‑binding capability in the CD206‑Fe3O4‑PLGA group 
after 30 min co‑culture, while the CD206‑negative macro‑
phages (M0/M1 macrophages) did not have a strong binding 
ability (Fig. 2C and D).

Promoting macrophage polarization and cellular ROS 
production. Western blotting and RT‑qPCR were used to 
assess whether nanoparticles could promote the polarization 
of macrophages. Western blot and RT‑qPCR analyses demon‑
strated that CD206‑Fe3O4‑PLGA significantly promoted 
the expression of TNF‑α, IL‑1β and iNOS (P<0.05), but 
inhibited the expression of TGF‑β, IL‑10 and Arg1 (P<0.05; 
Fig. 3A and B). The results of these experiments demonstrated 
that CD206‑Fe3O4‑PLGA and Fe3O4‑PLGA nanoparticles 
promoted M1 polarization of the macrophages. Furthermore, 
it was found that the PLGA nanoparticles alone were not able 
to promote macrophage polarization.

Pretreatment of the CD206‑Fe3O4‑PLGA and Fe3O4‑PLGA 
nanoparticles with IL‑4 resulted in increased ROS produc‑
tion in macrophages with elevated intracellular iron content 

Figure 1. Characteristics of nanoparticles. (A) Nanoparticles observed under an optical microscope (magnification, x100). (B) Scanning electron micrographs 
of nanoparticles (magnification, x50,000). (C) Nanoparticles were observed under a fluorescence microscope. The red color indicates nanoparticles that were 
stained with DIL, while the yellow color indicates nanoparticles conjugated with anti‑CD206 antibodies (magnification, x100). DIL, DiIC18(3); TRITC, tetra‑
methylrhodamine; PLGA, Poly(lactic‑co‑glycolic) acid.
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identified via DCFH‑DA, a probe used for detecting ROS in 
living cells (Fig. 3C).

Nanoparticles promote M1 polarization of TAMs in an estab‑
lished mouse model. Tumor‑bearing mice were injected with 

Figure 2. Selective enhancement of the intra‑tumoral iron level. (A) Mice injected with ferric citrate had a higher relative iron content in their liver, spleen, 
lung and subcutaneous tumor compared with the control group. (B) Compared with the control group, the relative iron content of macrophages, pretreated 
with IL‑4 and co‑cultured with iron and CD206‑Fe3O4‑PLGA for 24 h, was increased significantly (*P<0.05), but not in the group co‑culture with PLGA 
alone. (C) Immunofluorescence analysis demonstrated that a large number of CD206‑Fe3O4‑PLGA nanoparticles surrounded the macrophages pretreated with 
IL‑4 compared with the PLGA group (magnification, x400). (D) Immunofluorescence analysis demonstrated that only a few PLGA and CD206‑Fe3O4‑PLGA 
nanoparticles surrounded the macrophages without IL‑4 pretreatment (magnification, x400). PLGA, poly(lactic‑co‑glycolic) acid; DIL, DiIC18(3); 
TRITC, tetramethylrhodamine.

Table II. Characteristics of the NPs.

	 Mean effective	 ζ potential (mV)	 Anti‑CD206 conjugation	 Fe3O4 association 
Formula	 diameter (nm)		  efficiency (%)	 efficiency (%)

PLGA NPs	 261.4±22.5	 ‑25.6±4.4	 ‑	 ‑
Fe3O4‑PLGA	 283.8±24.1	 ‑27.3±5.7	 ‑	 75.3±5.2
CD206‑Fe3O4‑PLGA	 294.3±17.8	 ‑32.2±3.5	 67.8±2.5	 66.7±3.7

PLGA, poly(lactic‑co‑glycolic) acid; NP, nanoparticle.
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CD206‑Fe3O4‑PLGA, Fe3O4‑PLGA, PLGA nanoparticles or ferric 
citrate via the tail vein in order to study the targeting properties of 
nanoparticles in vivo. An immunofluorescence assay was subse‑
quently used to observe the deposition of nanoparticles in tumor 
tissues. The results indicated that there were increased numbers 
of CD206‑Fe3O4‑PLGA nanoparticles in the subcutaneous tissue 
compared with PLGA nanoparticles (Fig. 4A).

Double‑labeled tissue fluorescence was used to detect 
the polarization of macrophages in tumor tissues. It was 

identified that macrophages in the CD206‑Fe3O4‑PLGA 
group expressed a higher level of CD86, a specific marker 
of the M1 subtype (Fig. 4B). The diameter of subcutaneous 
tumor of mice treated with PLGA microspheres was smaller 
compared with control and PLGA groups (both P<0.05; 
Fig. 4C and D). The tumor tissue of the CD206‑Fe3O4‑PLGA 
group contained a higher iron concentration, whereas the 
liver and spleen contained less iron, compared with the ferric 
citrate group (P<0.05; Fig. 4E).

Figure 3. Promoting macrophage polarization and cellular ROS production. (A) Western blotting and (B) reverse transcription‑quantitative PCR results 
indicated that CD206‑Fe3O4‑PLGA promoted the expression levels of TNF‑α, IL‑1β and iNOS (*P<0.05), while the expression levels of TGF‑β, IL‑10 and Arg1 
were inhibited (*P<0.05). (C) A reactive oxygen probe assay demonstrated that PLGA did not significantly increase intracellular ROS, but an enhanced level 
of ROS production was observed in macrophages treated with CD206‑Fe3O4‑PLGA and Fe3O4‑PLGA (magnification, x100). ROS, reactive oxygen species; 
iNOS, inducible nitric oxide synthase; PLGA, poly(lactic‑co‑glycolic) acid; Arg1, Arginase 1.



ZHOU et al:  INHIBITORY EFFECT OF IRON-LOADED NANOPARTICLES ON TUMOR GROWTH8

Discussion

TAMs may be associated with up to 50% of the total tumors, 
and often associated with a poor patient prognosis  (30). 

Therefore, TAM ablation (or TAM reprogramming) has 
become a potential antitumor treatment strategy.

M1 macrophages cannot only inhibit tumor cells via secre‑
tion and phagocytosis, but can also block DNA replication of 

Figure 4. Nanoparticles slow down the growth of subcutaneous tumors in mice. (A) Immunofluorescence assay results indicated that there were more nanoparticles 
in the subcutaneous tissue of the CD206‑Fe3O4‑PLGA treatment group compared with the PLGA group (magnification, x100). (B) Immunofluorescence assay 
results demonstrated that the expression of CD86 was higher in TAMs treated with CD206‑Fe3O4‑PLGA nanoparticles compared with the control and Fe3O4‑PLGA 
groups. (C) Representative tumor images. (D) CD206‑Fe3O4‑PLGA‑treated mice exhibited subcutaneous tumors that had a smaller diameter compared with the other 
groups (*P<0.05). (E) Compared with the ferric citrate group, there was a higher relative iron content in the subcutaneous tumor tissue of the CD206‑Fe3O4‑PLGA 
treatment group, but smaller concentration in the liver and spleen (*P<0.05). TAM, tumor‑associated macrophage; PLGA, poly(lactic‑co‑glycolic) acid.
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tumor cells by absorbing and sequestering the iron found in the 
microenvironment (31). M2 macrophages are major sites for 
taking up, metabolizing, storing and exporting iron (31). M2 
macrophages can release intracellular iron ions and promote iron 
internalization and sequestration via known receptors, such as 
megalin, contributing to cancer cell survival and metastasis (32). 
Large numbers of iron ions are required for the growth and 
proliferation of tumor cells (33‑35). Therefore, the introduction 
or elimination of iron in cells to destroy the homeostasis of iron 
metabolism has become a potential avenue for cancer treatment.

Iron chelators are able to both effectively decrease the content 
of iron in tumor cells and inhibit the proliferation of aggressive 
tumors, leading to G1/S cell cycle arrest and apoptosis (36,37). 
Although iron chelators do exert therapeutic effects on tumors, 
their side effects cannot be ignored. Iron chelators have been 
reported to activate the hypoxia‑inducible factor‑1α pathway, 
and induce the expression levels of urokinase plasminogen 
activator and MMP‑2, resulting in enhanced metastasis via 
degrading the extracellular matrix and increasing the level of 
VEGF, leading to toxic anemia and edema (38‑41).

Iron oxide nanoparticles (IONPs) have been widely used for 
drug targeting and diagnostic applications (42). The concentra‑
tion of intracellular iron in dendritic cells can be increased 
by co‑culturing with IONPs; however, previous studies have 
revealed that an increase of iron concentration in dendritic 
cells exerts little influence on the phenotype and maturation 
of dendritic cells (43,44). SPION treatment has been reported 
to produce ROS and activate the extracellular signal‑regulated 
kinase and AKT pathways (45). Moreover, SPION leads to 
impaired chemotactic migration and an increased invasive 
capacity of M2 macrophages, but does not activate either the 
c‑Jun terminal kinase or the p38‑mitogen‑activated protein 
kinase pathways (45). It has been shown that IONPs induce 
differential effects on antigen‑specific cytokine expression 
mediated by T cells, in which IFN‑γ expression is sensitized, 
while the effect on IL‑4 expression is refractory  (46). In 
addition, the suppressive effect of IONPs on IRN‑γ is closely 
associated with a decrease in the level of glutathione (46).

It has been reported that exogenous administration of iron 
nitrate leads to deposition of most iron in the liver and spleen, 
and only a fraction of the hemosiderin‑laden macrophages 
were observed in the mammary tumors (47).

PLGA particles have been revealed to encapsulate SPIONs and 
BSA, and the significantly improved uptake of BSA/SPION‑PLGA 
particles into RAW 264.7 cells is observed under the influence of 
an external magnetic field compared with the uptake of particles 
without an external magnetic field (48). These particles are shown 
to significantly enhance bone marrow‑derived dendritic cell 
maturation by upregulating the expression levels of major histo‑
compatibility complex II, CD80 and CD86 (48).

In the present study, CD206 monoclonal antibody‑conju‑
gated nanoparticles were able to specifically bind to the 
surface of CD206‑positive cells when circulating in the blood 
vessels. Collectively, the current results demonstrated that 
the nanoparticles could specifically bind to M2 macrophages 
in vivo and in vitro. After being phagocytized by the TAMs, 
the nanoparticles were gradually hydrolyzed, releasing Fe3O4, 
which was degraded into iron ions in the lysosomes, thus 
increasing the intracellular concentration of iron in the macro‑
phages and inducing reprogramming of the M2 macrophages.

In conclusion, the present study demonstrated that 
CD206‑Fe3O4‑PLGA nanoparticles were successfully 
constructed to increase the iron content in M2 macrophages, 
thus promoting the repolarization of M2 macrophages to 
the M1 subtype. This effect lead to an inhibition of the 
growth of tumors, and also decreased the deposition of 
physiological tissue iron. Therefore, the present study 
provided a potential approach for tumor immunotherapy; 
however, most targeted therapies are not aimed at a specific 
type of cells. Thus, in a follow‑up study, further methods 
to improve the targeting ability, such as identifying addi‑
tional unique cell markers or coupling two or more specific 
antibodies, will be developed.
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