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Abstract Despite being a common therapy for hepatocellular carcinoma (HCC), insufficient thermal

ablation can leave behind tumor residues that can cause recurrence. This is believed to augment M2 in-

flammatory macrophages that usually play a pro-tumorigenic role. To address this problem, we designed

D-mannose-chelated iron oxide nanoparticles (man-IONPs) to polarize M2-like macrophages into the

antitumor M1 phenotype. In vitro and in vivo experiments demonstrated that man-IONPs specifically tar-

geted M2-like macrophages and accumulated in peri-ablation zones after macrophage infiltration was

augmented under insufficient microwave ablation (MWA). The nanoparticles simultaneously induced po-

larization of pro-tumorigenic M2 macrophages into antitumor M1 phenotypes, enabling the transforma-

tion of the immunosuppressive microenvironment into an immunoactivating one. Post-MWA macrophage

polarization exerted robust inhibitory effects on HCC progression in a well-established orthotopic liver
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cancer mouse model. Thus, combining thermal ablation with man-IONPs can salvage residual tumors af-

ter insufficient MWA. These results have strong potential for clinical translation.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermal ablation is an internationally recognized first-line treat-
ment for early-stage hepatocellular carcinoma (HCC)1. Micro-
wave ablation (MWA) is a thermal ablation technique that has
been employed to treat HCC over the past 20 years. This method
has several theoretical advantages, including fast heating, high
temperature, and low susceptibility to heat-sink effects2,3. How-
ever, progression and recurrence of residual tumors after ablation
still occur when MWA is used on large tumors or when they are at
a difficult location, thereby affecting the therapy outcome and
long-term quality of life4,5. This progression is attributable to
insufficient thermal ablation and sterile inflammation around the
coagulation necrosis area6e8. Because MWA is a type of thermal
ablation, it eradicates tumors by the coagulative necrosis of tumor
cells. In the peripheral zone, which is adjacent to the central
coagulative necrosis area, the heat-induced injury still occurs, but
it is sublethal and reversible3. If MWA is insufficient, tumor res-
idues would be left behind. In the peri-ablation zone, the upre-
gulated expression of neovascularization-related genes can cause
inflammatory reactions, including the secretion of growth factors
or chemokines and recruitment of pro-tumorigenic M2 inflam-
matory macrophages. These responses inevitably induce repair
processes9 and potentiate an immunosuppressive tumor microen-
vironment10. In particular, M2 macrophages mediate wound
healing via extracellular matrix remodeling, angiogenesis, and
immunosuppression9,11. Thus, an increase in M2-type macrophage
numbers in the tumor immune microenvironment contributes to
the growth and dissemination of the residual tumor, causing poor
prognosis among HCC patients12. Therefore, reprogramming M2
macrophages is important for inhibiting tumor recurrence and
improving prognosis after MWA13e20 but remains a challenging
task13.

In this study, M2 macrophages were polarized to the antitumor
M1 phenotype21,22 usingdas an M2-macrophage liganddPEGy-
lated ultrasmall iron oxide nanoparticles (IONPs) with chelated D-
mannose. We expected this polarization because IONPs produce
reactive oxygen species (ROS) via the Fenton reaction, and studies
have shown that ROS can trigger theM2-to-M1 transformation17,18.
An increase in M1 macrophage numbers should exert a robust
antitumor effect against post-MWA residual HCC tumors (Scheme
1). More importantly, MWA can augment inflammation and recruit
macrophages to the ablation zone23,24. This ablated region becomes
an M2 macrophage reservoir for generating more antitumor M1
macrophages after Fe3O4-induced polarization. We hypothesize
that combining MWA-activated inflammation and macrophage
polarization using D-mannose-chelated IONPs should effectively
mitigate the immunosuppressive tumorigenic microenvironment
and inhibit post-MWA tumor progression. Our findings provide
evidence for the potential use of the proposed nanoparticles for
cancer treatment.
2. Materials and methods

2.1. Synthesis, cell viability assay, and acute toxicity assay of
man-IONPs

D-Mannose-chelated IONPs (man-IONPs) were prepared as fol-
lows. First, 2 g of NaOH (Lan Yi Reagent, China) was mixed with
20 mL of DEG (J&K Scientific Ltd., Chengdu, China) (vacuum,
120 �C, 1 h) to prepare NaOH/diethylene glycol (DEG) solution.
Next, 0.7 g of polyacrylic acid (J&K Scientific Ltd.) and 0.54 g of
FeCl3$6H2O (Lan Yi Reagent) were dissolved in 15 mL of DEG,
placed in a 220 �C vacuum for 30 min, and then mixed with 2 mL
NaOH/DEG precursors before the reaction was incubated for
another 10 min. This step generated uniformly distributed mag-
netic IONPs and the mixture was cooled to 25 �C. The samples
were then dispersed in ethanol, centrifuged at 12,000 rpm for
10 min, dispersed again in deionized water, and washed 2e3
times. To synthesize man-IONPs, 6 mL nanoparticles (10 mg/mL)
and 30 mg amino PEG (Lan Yi Reagent, China) were added into
24 mL of an aqueous solution containing 1.2 mL of EDC [N-(3-
(dimethylamino) propyl)-N0-ethylcarbodiimide hydrochloride,
J&K Scientific Ltd.] and 1.2 mL of NHS (N-hydroxysuccinimide,
J&K Scientific Ltd.). After agitating for 3 h, 60 mg of D-mannose
(J&K Scientific Ltd.) was added, and the reaction was continued
overnight with continuous agitation. The solution was centrifuged
at 12,000 rpm for 10 min and washed three times with deionized
water to collect man-IONPs.

The cytotoxicity of man-IONPs on RAW264.7 cells and Hepa 1-
6 cells (Cell Bank of the Chinese Academy of Sciences, Shanghai,
China) was examined using CCK-8 assays. First, 100 mL
RAW264.7 cells and Hepa 1-6 cells were cultured in 96-well plates
(1 � 105 cells/well) for 24 h. Next, 100 mL of man-IONP or IONP
dispersions at varying Fe concentrations (10, 20, 50, 100, and
250 mg/mL) was added separately into each well and incubated for
another 24 h. The medium was discarded, and wells were washed
three times with phosphate-buffered saline (PBS). A new culture
medium (100 mL) containing 10% CCK-8 (Beyotime Biotech-
nology, Shanghai, China) was added to each well and incubated for
1 h. Subsequently, absorbance at 450 nm was measured using a
multi-functional microplate reader. Cell viability per group was
calculated as a percentage of that in the control group.

For in vivo acute toxicity assays, healthy C57/BL6 mice aged
5e6 weeks were randomly divided into seven groups (n Z 3 in
each group). They were subjected to tail vein injections of man-
IONPs or IONPs at three concentrations (5, 10, and 20 mg/kg
Fe), or 5% glucose as control. Bodyweight was recorded for an-
imals in each group. After 14 days, mice were euthanized, and
blood was collected for biochemical tests. Organs including the
liver, heart, spleen, lungs, and kidneys were extracted, and
paraffin-embedded sections were prepared for hematoxylin-eosin
staining.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 D-Mannose-chelated iron oxide nanoparticle (man-IONP) synthesis and principles of MWA and man-IONP combination therapy.
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2.2. Animal model establishment

C57/BL6 male mice (5e6 weeks old) were purchased from SPF
Biotechnology Company (Beijing, China) and housed in a specific
pathogen-free room. All animal protocols in this study were
approved by the Research Animal Care and Use Committee of the
Chinese PLA General Hospital (approval number: 2017-X13-52,
Beijing, China) and are in line with the American Association for
Laboratory Animal Science (AALAS) guidelines. All procedures
were conducted under aseptic conditions and isoflurane anes-
thesia. To establish a mouse model of orthotopic liver cancer,
25 mL of a mixture containing Hepa 1-6 cells (Cell Bank of the
Chinese Academy of Sciences) and Matrigel (Basement Mem-
brane Matrix 356234, Corning, USA) was injected into the center
of the left hepatic lobe. One week later, when the maximum
diameter of liver tumors reached 7e9 mm, mice were anes-
thetized, and a laparotomy was performed.

These mice were then subjected to low levels of MWA
(insufficient for full tumor eradication) on a microwave ablation
apparatus, with an antenna having an active tip length of 5 mm
(Canyou Medical, Nanjing, China). The antenna was placed in the
non-central site of liver tumors and set to an output power of 2 W
for 1 min. At 2 weeks post-ablation, mice were sacrificed, and the
ablated liver lobe was isolated for histopathological examination
to assess macrophage recruitment.

2.3. Evaluating targeting and polarization effects using man-
IONPs

To mimic M1 and M2 macrophage phenotypes, bone marrow-
derived macrophages (BMDM) were cultured. The bone marrow
was harvested from femurs of 5e6-week-old C57/BL6 mice and
filtered through a 70-mm mesh filter (SPL Life science, USA). The
cell suspension was immediately centrifuged at 500�g for 5 min,
resuspended in complete medium containing M-CSF (40 ng/mL)
(PeproTech, USA), pipetted onto 6-well plates, and cultured at
37 �C in a 5% CO2 incubator. After 6 days, The six-well plates
were washed with RPMI 1640 medium (Hyclone, GE healthcare
life science, USA) and treated for 24 h with mouse recombinant
IFN-g (20 ng/mL, PeproTech, USA) and LPS (100 ng/mL)
(Solarbio Science & Technology Co., Beijing, China) or recom-
binant mouse IL-4 (20 ng/mL) and IL-13 (20 ng/mL) (PeproTech),
then yielded M1-and M2-like macrophages respectively. For
IONPs and Man-IONPs groups, after 6 days of culture with
complete medium containing M-CSF, the macrophages were
incubated for 24 h with IONPs or Man-IONPs at a Fe concen-
tration of 50 mg/mL, as well as IL-4 and IL-13.

Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) and enzyme-linked immunosorbent assay (ELISA)
were performed to verify M1-and M2-like polarization induced by
cytokines or man-IONPs. To perform qRT-PCR, macrophages
were harvested, followed by RNA extraction using the RNA
isolation kit (DP430, Tiangen Biotech, Beijing, China) according
to the manufacturer’s protocol. Thereafter, 1 mg of total RNA was
reverse-transcribed into complementary DNAs using a TIAN-
Script RT kit (KR104-02, Tiangen Biotech). qRT-PCR was per-
formed using primers described previously25e27 and a
QuantStudio Dx Real-Time PCR Instrument (Thermo Fisher
Scientific, USA) and FastFire qPCR PreMix kit (FP207-02,
Tiangen Biotech). Primer sequences are shown in Supporting
Information Table 1. Cycling conditions were as follows: initial
denaturation at 95 �C for 1 min, followed by 40 cycles at 95 �C for
20 s and 60 �C for 20 s mRNA expression was determined using
the comparative Ct method. To further confirm the production of
the M1 marker TNFa and the suppression of the M2 marker IL-
10, ELISA assays were performed using mouse TNF and IL-10
ELISA kits (Biolegend, San Diego, CA, USA) following the
manufacturer’s instructions.

We performed Prussian blue staining to assess the targeting
ability of man-IONPs. After M1-or M2-like macrophages were
incubated with man-IONPs (50 mg/mL Fe) for 6, 12, and 24 h, the
percentages of iron-positive cells were calculated. For in vivo
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experiments, the livers of C57/BL6 mice were subjected to MWA at
an output power of 2 W for 1 min. After 2 weeks, IONPs or man-
IONPs (20 mg/kg Fe) were injected into mouse tail veins. Animals
were euthanized at 2, 6, and 12 h post-injection. Paraffin sections of
ablated mouse livers were stained with Prussian blue to calculate
the percentage of iron-positive cells in the peri-ablation zone.

Besides, inductively coupled plasma mass spectrometry (ICP-
MS) was performed to test the Fe content of the treated liver lobe.
At 12 h post-injection of IONPs, man-IONPs (20 mg/kg Fe), or
5% glucose, the mice were sacrificed, and the treated liver lobes
were collected. After recording their weights, the liver tissue was
digested with nitric acid, the solution was diluted, and tested with
ICP-MS (Agilent 7800, Agilent Technologies, Japan).

2.4. Inhibition of local tumor progression after MWA

The mice with liver cancer were randomly divided into Group A:
MWA only; Group B: tail vein injection of man-IONPs at 3 days,
1 week, and 2 weeks after MWA; Group C: tail vein injection of
IONPs at 3 days, 1 week, and 2 weeks after MWA; and Group D:
Control (n Z 3 per group).

Magnetic resonance imaging (MRI) (7.0 T small animal MRI,
TE: 40 ms, TR: 3000 ms, thickness: 1 mm, BioSpec70/20USR,
Brucker, Germany) was performed to evaluate tumor growth in
groups A, B, C, and D during pre-MWA, 1-week post-MWA, and 3
weeks post-MWA. Mice were euthanized 4 weeks post-MWA.
Ablated livers were processed, and paraffin-embedded sections
were prepared for immunocytochemistry and immunofluorescence
staining.

To analyze immunohistochemical staining results, at least 3e5
visual fields were randomly selected to image the area between the
normal ablation area and the non-ablation part of the liver in each
section of each group. The same background light parameters
were used for all photographs. Image-pro Plus 6.0 software was
used for cell count analysis.

Flow cytometry analysis was performed to assess the M2 mac-
rophages infiltration in groups A, B, and C. The treated liver tissues
were minced using a surgical blade and incubated for 30 min in
Figure 1 Characteristics of man-IONPs. (A, B) Transmission electro

nanoparticles USPIONs. (CeF) Particle size distributions of USPIONs, IO
DMEM (Invitrogen, USA) with 2.0 mg/mL Collagenase A (Roche,
Switzerland) and 50 units/mLDNase I (Roche) at 37 �C. Single-cell
suspensions were prepared by filtering them through a 70-mmmesh
filter (SPL Life science, USA). Thereafter, the cells were incubated
for 15 min on ice with Fc Receptor Binding Inhibitor (BioLegend,
USA) diluted 1:10 in PBS containing Zombie-Aqua fixable viability
stain (BioLegend). The cells were then incubated for 30 min in PBS
containing 1.0 mmol/LEDTA and 5% FCS along with the dilutions
of fluorescently-labeled primary monoclonal antibodies for surface
markers. The following antibodies were used: anti-CD45-Brilliant
Violet 510™, anti-F4/80-PE, anti-CD86-APC-A750, anti-CD11c-
PC5.5, and anti-CD11b-FITC (BioLegend). Thereafter, the cells
were incubated in permeabilization solution (True-Nuclear™ 1X
Fix Concentrate, BioLegend) at room temperature in the dark for 60
min. APC-conjugated anti-mouse CD206 (BioLegend) was then
added and incubated for 30min in the dark at room temperature. The
acquisition was then performed using a flow cytometer (Beck-
mancoulter, USA). Data were analyzed using FlowJo Version 9.6.4.
Live singlets were gated using FSC-H/FSC-A. M2 macrophages
were identified as F4/80highCD206high cells.

2.5. Statistical analysis

Statistical analysis was performed using theGraphPadPrism9.3.1.0
software. Comparison between the two groupswas performed using
an unpaired two-tailed Student’s t-test. For comparison of multiple
groups, one-way ANOVA was used, followed by Tukey’s honest
significant difference posthoc test or Bonferroni’s multiple com-
parisons post-test, except when noted otherwise. Results are
expressed as means � SD. A P-value of <0.05 was considered
statistically significant.

3. Results

3.1. Preparation and biosafety evaluation of man-IONPs

Synthesis of IONPs and man-IONPs involved generating ultra-
small superparamagnetic iron oxide nanoparticles (USPIONs)
using a classic solvent thermal method28,29, followed by
n microscopic images of ultra-small superparamagnetic iron oxide

NPs, and Man-IONPs.



Figure 2 M2-like macrophage polarization by man-IONPs. (A) ELISA results showing the secretion of TNF-a (M1-related marker) and IL-10

(M2-related marker) in M2-like macrophages as a function of IONP or man-IONP concentrations. (B) Real-time PCR showing the expression of

M1-related markers (CD86, TNF-a, IL-1b, and iNOS) and M2-related markers (CD206, Fizz, IL-10, Ym1, and IRF4) in macrophages in response

to different nanoparticle treatments conditions; dose of IONPs or man-INOPs: 50 mg/mL Fe. Data are expressed as mean � standard deviation

(SD), n Z 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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sequential PEG and D-mannose conjugation (Scheme 1). Trans-
mission electron microscopy (TEM) images of USPIONs exhibi-
ted a well-defined morphology (Fig. 1A and B); after measuring
over 100 nanoparticles, the average size was determined as
5.55 � 0.92 nm (Fig. 1C). Dynamic light scattering measurements
showed that the average size of man-IONP was larger (73.41 nm)
than that of IONP (43.10 nm) because of D-mannose conjugation
(Fig. 1DeF). Cytotoxicity experiments showed that after 24 h
incubation with 0e100 mg/mL Fe man-IONPs, both Hepa
1e6 cells and RAW264.7 cells exhibited >80% viability, proving
the biosafety of these nanoparticles (Supporting Information
Fig. S1).

Acute toxicity tests in vivo revealed that at 2 weeks post-injection
of man-IONPs or IONPs (10 and 20 mg/kg Fe), routine blood test
indicators (Supporting Information Fig. S2) and biochemical in-
dicators (Supporting Information Fig. S3) were within the normal
range. Hematoxylin-eosin staining of the heart, liver, spleen, lungs,
and kidneys revealed no abnormalities in mice treated with man-
IONPs or IONPs (doses: 10 and 20 mg/kg Fe) compared with those
in the control group (Supporting Information Fig. S4).
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3.2. In vitro M1-like polarization using man-IONPs

Recent years have seen an upsurge in chemodynamic therapy based
on Fe-based nanoparticles, which leads to the Fenton reaction that
produces ROS15,30, thereby steering M2-to-M1 macrophage polar-
ization17e22. Here, we confirmed the ability of man-IONPs to
polarizeM2macrophages intoM1macrophages bymonitoringM1-
and M2-related markers using ELISA and qRT-PCR. We first per-
formed qRT-PCR to assess M1 and M2 polarization in cytokine-
treated bone marrow-derived macrophages in vitro. Expectedly,
these macrophages were induced into M1-like and M2-like
macrophage phenotypes (Supporting Information Fig. S5). After
IONP or man-IONP treatment, we measured IL-10 and TNF-a
levels in M2-like macrophages by performing ELISA. We found
that in the Fe concentration ranging from50 to 100mg/mL, the levels
of IL-10 secretion in the man-IONPs group and IONPs group were
significantly lower than those in the control group, whereas, in the
Fe concentration of 100mg/mL, IL-10 level in theman-IONPs group
was lower than that in the IONPs group (Fig. 2A). Besides, in the Fe
concentration ranging from 50 to 250 mg/mL, the levels of TNF-a in
the man-IONPs group were significantly higher than those in the
control group (Fig. 2A).

The qRT-PCR analysis revealed that Man-IONPs-exposed
macrophages significantly upregulated the levels of M1-related
CD86, TNF-a, IL-1b, and iNOS markers (Fig. 2B) compared with
macrophages only (P < 0.05). In addition, the mRNA levels of
Figure 3 M2-like macrophages targeting by man-IONPs. (A) Microsc

cubation with man-IONPs or IONPs, the dose of IONPs or man-INOPs: 5

with Prussian blue after tail vein injection of man-IONPs or IONPs. (C) T

macrophages after various incubation periods. (D) Relative quantitative val

injection of man-IONPs orexa IONPs. (E) ICP-MS analysis of Fe conten

Glucose. Data are expressed as mean � standard deviation (SD), n Z 3;
M2-related CD206, Fizz, IL-10, Ym1, and IRF4 markers were
significantly decreased after exposure to Man-IONPs (P < 0.05).
Its polarization effect outperformed IONPs in terms of CD86,
TNF-a, IL-1b, iNOS, CD206, IL-10, and Ym1 markers
(P < 0.05). These results indicated that man-IONPs facilitated M2
polarization to M1.

3.3. M2 macrophage targeting ability of man-IONP in vitro and
the peri-ablation zone in vivo

We first performed Prussian blue staining to evaluate IONP uptake
by macrophages in vitro. At 6, 12, and 24 h post-incubation, more
man-IONPs entered the induced M2-like macrophage cells than
IONPs (Fig. 3A). In particular, the M2 macrophage took up a
larger amount of man-IONPs than of IONPs (percentage of pos-
itive cells, man-IONPs vs. IONPs: 6 h, 5.5 � 4.0% vs. 0.3 � 0.3%,
P < 0.01; 12 h, 5.7 � 1.6% vs. 0.9 � 0.7%, P < 0.01; 24 h,
17.7 � 8.7% vs. 4.6 � 2.5%, P < 0.05; Fig. 3C). In addition, at
24 h, M2 macrophages exhibited far higher man-IONP uptake
than M1 macrophages (percentage of positive cells, M2 vs. M1,
20.3 � 10.0% vs. 7.9 � 3.1%, P < 0.05; Supporting Information
Fig. S6). This result demonstrates that chelated D-mannose ligands
improve the specific M2-macrophage-targeting ability of man-
IONPs, thereby facilitating M2-to-M1 polarization.

To verify the targeting ability of man-IONPs in vivo, we
injected man-IONPs into the tail veins of C57BL mice 2 weeks
opic images of Prussian blue-stained M2-like macrophages after in-

0 mg/mL Fe. (B) Histological images of ablated liver sections stained

he relative quantitative value of stained iron-positive cells in M2-like

ues of stained iron-positive cells in ablated liver sections after tail vein

t in ablated liver lobe, post-injection of man-IONPs, IONPs, or 5%

*P < 0.05, **P < 0.01.
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post-MWA. Histological examinations of ablated livers showed
that in the peri-ablation zone, cells in the man-IONP group had
significantly more positive iron stains than cells in the IONP group
at 2, 6, and 12 h post-injection (number of positive cells, � 103 per
10-fold vision field, man-IONPs vs. IONPs: 2 h, 219.7 � 113.5 vs.
122.2 � 63.4, P Z 0.02; 6 h, 387.2 � 250.3 vs. 188.8 � 92.2,
P Z 0.02; 12 h, 414.9 � 159.1 vs. 260.8 � 93.1, P Z 0.04;
Fig. 3B and D). Besides, according to the ICP-MS test of iron, in
the post-MWA liver tissue at 12 h post-injection, the Fe content
was higher in the man-IONPs group than that in the IONPs group
(iron content, mg/g, 0.139 � 0.017 vs. 0.090 � 0.010, P Z 0.01;
Fig. 3E).

3.4. Tumor progression and macrophage recruitment in the
post-MWA peri-ablation zone

Two weeks after treatment with low-level MWA, the incidence of
tumor progressionwas 100% (6/6) in ourmousemodel of orthotopic
liver cancer. Local lesions were 4.1, 4.5, 7.2, 6.2, 5.3, and 6.6 mm in
diameter, with an average diameter of 5.7 � 1.1 mm (Fig. 4A).
Immunohistochemical staining revealed that infiltrated macro-
phages around the ablation site gradually increased from 3 days to 2
weeks after MWA (Fig. 4B). At 2 weeks post-MWA, the number of
CD68-positive cells per fieldwasmarkedly higher than that at 3 days
post-ablation (number of positive cells, � 103 per 20-fold vision
field, 2 weeks vs. 3 days, 46.6� 28.4 vs. 2.4� 2.5, P< 0.001) and 1
week (2 weeks vs. 1 week, 46.6 � 28.4 vs. 18.6� 15.5, P < 0.001;
Fig. 4C). Besides, the number of Ki-67 positive cells also increased
within 2 weeks after ablation (Fig. 4C). Immunofluorescence
staining showed that in the peri-ablation zone, the proportion of
Figure 4 In vivo exploration of the variation trend of macrophages in

gression in the mouse model of orthotopic liver cancer at 2 weeks after low

dotted area shows local tumor progression). (B) Immunohistochemical sta

post-MWA, monitoring infiltrated CD68þ macrophages. (C) Relative secr

and 2 weeks after MWA; data are expressed as mean � SD (n Z 3), and

infiltrated macrophages (CD68þ, red) and M2-like macrophages (CD206þ
Scale bar: 50 mm.
green fluorescence-labeled M2-like macrophages was larger at 2
weeks after MWA than at 1 week after MWA (Fig. 4D).

3.5. Treatment with man-IONPs inhibited tumor progression
after MWA

Since the resolution of MRI and fluorescence imaging is compara-
ble, we performedMRI to monitor post-MWA tumor growth in four
treatment groups (Fig. 5A). The pre-MWAvolume of liver tumors in
all groups was approximately identical (PZ 0.897, Fig. 5B). After
MWA, the ablated lesion expands because of coagulation necrosis.
If the tumor is completely eradicated, it will be absorbed and its
volumewill be reduced. However, if thermal ablation is insufficient,
the tumor will progress31,32, and its volume will further increase.
Therefore, 1 week after MWA, tumor size in all groups increased
slightly (Fig. 5B). At 3 weeks after ablation, tumors in the MWA
group remained the same in terms of size and hyperintense nodules
were visible around the ablation area (Fig. 5A). However, tumors
decreased in size or even disappeared in theMWAþman-IONP and
MWAþ IONP groups (Fig. 5B). Furthermore, the volume reduction
rate in the MWA þ man-IONP group was higher than that in the
MWA þ IONP group (0.88 � 0.04 vs. 0.39 � 0.29, P Z 0.043,
Fig. 5C). Moreover, at 4 weeks post-ablation, the mice in the MWA
group that had their liver ablated presented single or multiple nod-
ules near the ablated area (Fig. 5D and E), whereas obvious tumor
growth was absent near the ablation area in the MWAþman-IONP
and the MWA þ IONP groups (Fig. 5D and E).

Subsequently, we investigated whether man-IONPs inhibited
macrophage recruitment in the post-MWA peri-ablation zone
in vivo. At 4 weeks post-ablation, the MWA þ man-IONP group
the tumorigenic microenvironment after MWA. (A) Local tumor pro-

-level MWA treatment (yellow arrow indicates ablation area, the white

ining of the ablated mouse liver lobe at 3 days, 1 week, and 2 weeks

etion of different markers in the peri-ablation zone at 3 days, 1 week,

*P<0.05, **P<0.01. (D) Immunofluorescence staining images of all

, green) in the peri-ablation zone at 1 week and 2 weeks after MWA.



Figure 5 Evaluating man-IONP-mediated inhibition of tumor progression after MWA. (A) Time-dependent T2-weighted MRI images of

ablated liver tumors in mice that underwent different treatments (white arrow indicates tumor area, yellow arrow shows ablation area, orange

arrow shows local tumor progression). (B) Time-dependent variation in the liver tumor volume of mice that underwent different treatments. (C)

The volume reduction rate of ablated liver tumors in mice that underwent MWA combining IONPs or man-IONPs at 3 weeks post-MWA. (D)

Digital photos of local tumor progression after different incubation periods in various treatment groups. (E) Terminal volumes of liver tumors after

4 weeks of treatment in various treatment groups. Data are expressed as mean � SD (n Z 3); *P< 0.05,**P < 0.01.
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had far lower counts of CD68-positive macrophages around the
ablation area than the MWA þ IONP (number of positive
cells, � 103 per 20-fold vision field, 7.2 � 3.7 vs. 17.1 � 10.8,
P Z 0.027) and MWA (number of positive cells, � 103 per 20-
fold vision field, 7.2 � 3.7 vs. 18.1 � 13.3, P Z 0.048) groups
(Fig. 6A). In addition, both the MWA þ man-IONP and
MWA þ IONP groups (Fig. 6A) had notably fewer Ki-67-positive
cells than the MWA group (number of positive cells, � 103 per
20-fold vision field, MWA þ man-IONPs vs. MWA,
112.3 � 109.5 vs. 282.4 � 118.7, P Z 0.007; MWA þ IONPs vs.
MWA, 79.1 � 50.7 vs. 282.4 � 118.7, P Z 0.002), demonstrating
that the MWA þ man-IONP treatment significantly inhibited the
proliferation of residual tumor cells. After immunofluorescence
staining, laser confocal scanning microscopic observations traced
the infiltration of M2-like macrophages around the ablation zone.
The MWA þ man-IONP group had a lower proportion of M2-like
macrophage (CD206þ) infiltration around the ablation zone than
the MWA and MWA þ IONP groups (Fig. 6B).

The infiltration of M2-like macrophages inMWA, MWAþman-
IONPs, andMWAþ IONPs groupswere evaluatedbyflowcytometry
analysis. The results revealed decreased quantities of F4/
80highCD206high macrophages in MWA þ man-IONPs and
MWA þ IONPs treated mice compared with mice only undergoing
MWA (Fig. 6C and D). Moreover, the percentage of F4/80high-

CD206high macrophages was lower in MWA þ man-IONPs than in
MWA þ IONPs (MWA þ man-IONPs vs. MWA þ IONPs,
2.1 � 1.7% vs. 5.3 � 0.8%, PZ 0.043, Fig. 6D).

4. Discussion

Several pre-clinical studies have focused on immunotherapy tar-
geting TAMs, especially in the field of nanomedicine. One such
study revealed that IONPs inhibit tumor growth by inducing
macrophage polarization17. Therefore, the use of IONPs for sup-
pressing tumor growth in clinical practice is promising. This study
provides insights into the possible clinical scenario of IONPs as
adjuvant therapy of MWA for liver cancer.

The feasibility of the combined use of MWA and IONPs
against liver cancer is based on the phenomenon that macro-
phages’ infiltration increases after MWA, which has been reported
in a previous study7. However, the association between infiltrating
macrophages and tumor progression was unclear. Our study



Figure 6 MWA-enhanced macrophage infiltration and man-IONP-facilitated polarization of M2-to M1-like macrophages in vivo. (A) Quan-

titative immunohistochemical data of total macrophages (CD68þ) and Ki-67þ cells infiltrated into the ablation zone after different treatments.

Data are expressed as mean � SD (n Z 3); *P<0.05, **P<0.01. (B) Immunofluorescence staining of all infiltrated macrophages (CD68þ, red)

and M2-like macrophages (CD206þ, green) in the peri-ablation zone after corresponding treatments in different groups. (C) Flow cytometry

graph of the infiltration of M2-like macrophages in MWA, MWA þ man-IONPs, and MWA þ IONPs groups. (D) Statistical analysis of the flow

cytometric analysis of the infiltration of M2-like macrophages in different treatment groups. Data are expressed as mean � SD (nZ 3); *P<0.05,

***P<0.001.
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focused on this point and evaluated the inhibitory effects of IONPs
on tumor progression. To the best of our knowledge, this is the
first study to provide evidence of a correlation between macro-
phage recruitment after thermal ablation and local tumor pro-
gression. Theoretically, the tumor microenvironment has a strong
influence on the local progression of residual tumors after
MWA13. However, unlike typical tumors, residual tumors in the
peri-ablation zone are surrounded by an aseptic inflammatory
environment due to ongoing tissue repair7. Accumulating
inflammatory cells aggravate this microenvironment, with M2
macrophages being an essential component of tissue repair and,
therefore, playing a vital role in promoting residual tumor pro-
gression after thermal ablation33,34. Using a mouse model of liver
cancer with incomplete ablation, we demonstrated that macro-
phage infiltration increased 2 weeks post-ablation, with a signifi-
cant elevation in the number of M2 macrophages and Ki-67-
positive cells. Therefore, we considered that tumor progression
in the peri-ablation zone is attributed to the pro-proliferative effect
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of M2-like macrophages. This finding suggests that reversing M2
macrophages in the peri-ablation zone is extremely important for
inhibiting tumor progression after MWA.

Hence, we prepared mannose-chelated IONPs to specifically
target M2 macrophages, steering their polarization to M1 and
mitigating the post-MWA immunosuppressive tumor microenvi-
ronment. We added D-mannose to enhance the M2-targeting
ability of IONPs since D-mannose can bind to mannose re-
ceptors on M2 macrophages35,36 more effectively than other tar-
geting motifs (antibodies or peptides)37,38. Our results showed that
man-IONPs exhibited a robust targeting effect without compro-
mising their biological safety. Moreover, man-IONPs were supe-
rior to IONPs at the same Fe concentration in terms of M2-to-M1
polarization and inhibiting tumor progression. Therefore, M2-
targeting IONPs have the potential to outperform the traditional
IONPs in tumor inhibition.

The mechanism of the polarization effect of IONPs on M2
macrophages has been explored in several studies. According to a
recent review39, two main molecular mechanisms can explain the
polarization effect of IONPs: 1) the production of ROS and modu-
lation of redox-sensitive signaling pathways; and 2) the direct
engagement and activation of immune response-related receptors
such as Toll-like receptors inducing transcriptional reprogramming
in macrophages.

We selected IONPs to combine with MWA because of their
versatility and feasibility in clinical transformation. To date,
IONPs are the only type of nanoparticles that are considered safe
for clinical practice. Fridex, Resovist, and Feraheme have been
approved by the US Food and Drug Administration (FDA) for
clinical diagnosis and treatment. When IONPs inhibit tumors via
their polarization effect on macrophages, a potential pitfall worth
of attention is involved. Liver resident macrophages can also
express M2-like markers; thus, IONPs may polarize them to M1-
like macrophages. Because macrophages represent a key cellular
component of the liver40, it cannot rule out that this polarization
effect will break the homeostasis in liver tissue. However, in our
acute toxicity assay, there were no observed abnormalities in the
hepatic tissue and biochemical indicators of mice injected with
man-IONPs. Thus, we considered that in the Fe content of
20 mg/kg, even if man-IONPs polarize M2-type liver macro-
phages to M1-like macrophages, it is not enough to cause other
side effects.

In addition, to maximize the combined effect, other functions
of IONPs should be explored. Fe-based nanoparticles, used as
MRI contrast agents, exhibit maximum visibility in imaging re-
sults21,27. Moreover, because of their high heat conductivity and
energy transformation efficiency, IONPs are expected to mediate
temperature increase during MWA treatment of HCCs16. This
mediation may augment the treatment outcome and inflammation
associated with macrophage recruitment, akin to the cavitation-
mediated improvement of energy utilization efficiency during
physical treatment41e43. Combining several functions of IONPs
with MWA will promote innovative research.

5. Conclusions

Our study validated the macrophage polarization effects of man-
IONPs and demonstrated their effectiveness in inhibiting local
tumor progression in a mouse model of liver cancer. Man-IONPs
mitigated residual tumor progression after MWA treatment,
decreased the proportion of M2 macrophages, and limited immu-
nosuppression in the peri-ablation zone. Therefore, we propose that
combiningman-IONPswithMWA is potential to be a novel strategy
for liver cancer treatment.
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