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Abstract. Previous studies have indicated pro‑tumor func-
tions of macrophages in tumor progression in different types 
of malignant tumors. The detailed mechanisms of cell‑cell 
interaction between macrophages and tumor cells have been 
investigated by means of in vitro co‑culture experiments. The 
present study developed magnetite nanoparticles modified 
with gelatin that are specifically engulfed by macrophages 
and investigated methods to deplete these macrophages in 
co‑culture experiments using a magnet. T98G glioma cell 
line and human monocyte‑derived macrophages were mixed 
and co‑cultured for 2 days. The T98G cells were isolated by 
depletion of the macrophages using the magnetite nanopar-
ticles. mRNA expression of a number of pro‑tumor molecules 
in the isolated T98G cells, with or without co‑culture with 
macrophages, was then evaluated. The mRNA expression 
levels of chemokine (CC motif) ligand 2, interleukin‑6 and 
macrophage‑colony stimulating factor receptor (M‑CSFR) 
were significantly upregulated in T98G cells by co‑culture with 
macrophages (P<0.01). M‑CSFR protein expression was also 
increased by co‑culture with macrophages. The conditioned 
medium of co‑cultured cells increased M‑CSFR expression 
in T98G cells. Magnetite nanoparticles may be a novel tool 
not only for investigating the unique activation status of tumor 
cells in co‑culture conditions, but also for targeting pro‑tumor 
macrophages in tumor tissues.

Introduction

Recent advances have indicated that there is a notable involve-
ment of macrophages in the progression of malignant tumors, 

including lymphoma and glioma, and macrophages are 
now of interest as target cells for therapy against malignant 
tumors (1,2). Circulating monocytes infiltrate tumor tissues 
following their attraction via tumor cell‑derived chemokines, 
such as chemokine (CC motif) ligand 2 [CCL2; also known 
as monocyte chemoattractant protein‑1 (MCP)]. Activated 
macrophages are known to secrete a number of cytokines 
that are associated with cell growth, angiogenesis, matrix 
remodeling and immune suppression  (3,4). Macrophages 
that infiltrate into the tumor microenvironment are referred 
to as tumor‑associated macrophages (TAMs). Since TAMs 
have pro‑tumor functions in a number of malignant tumor 
types, TAMs are also considered as target cells for anti‑tumor 
therapy. Previously, different materials, such as nanoparticles 
and nanocarriers, have been reported to improve anti‑tumor 
therapy (5,6).

TAM activation is induced by direct contact of the TAMs 
with tumor cells in the tumor microenvironment  (1‑4). 
Intracellular adhesion molecule‑1 and membrane type 
macrophage‑colony stimulating factor (M‑CSF) are known to 
be involved in this direct cell‑cell contact (7,8). It has previ-
ously been demonstrated that the growth of a number of tumor 
cells, including glioma and lymphoma cells, was upregulated 
by direct co‑culture with macrophages, and that signal trans-
ducer and activator of transcription (STAT) 3 activation was 
involved in this tumor cell activation  (9,10). However, the 
significance of cell‑cell contact between macrophages and 
tumor cells remains unknown. Previous studies attempted 
to separate macrophages from tumor cells following direct 
co‑culture experiments; however, it proved too difficult to 
separate the two types of cells (8,11). Sorting methods using 
flow cytometry were not suitable for gene expression analysis 
because of RNA degradation during the procedure  (11). 
Although anti‑cluster of differentiation (CD) 14 or CD11b 
antibody‑labeled magnet beads are commonly available to 
rapidly isolate monocytes/macrophages, downregulation of 
CD14/CD11b has been observed on activated macrophages 
when using these beads (12,13). It is therefore necessary to 
develop novel and simple methods to separate macrophages 
from tumor cells following direct co‑culture experiments.

The present study developed magnetite nanoparticles modi-
fied with gelatin that are specifically engulfed by macrophages, 

Selective depletion of cultured macrophages by 
magnetite nanoparticles modified with gelatin

YOSHIHIRO KOMOHARA1,  RYUTA KAWAUCHI2,  ERIKA MAKIYAMA2,  KAZUKI MIKAMI1,   
HASITA HORLAD1,  YUKIO FUJIWARA1,  TETSUYA KIDA3,  MOTOHIRO TAKEYA1  and  TAKURO NIIDOME2

1Department of Cell Pathology, Graduate School of Medical Sciences, Kumamoto University, Kumamoto 860‑8556;  
2Department of Applied Chemistry and Biochemistry, Graduate School of Science and Technology; 

3Magnesium Research Center, Kumamoto University, Kumamoto 860‑8555, Japan

Received April 13, 2016;  Accepted May 5, 2017

DOI: 10.3892/etm.2017.4640

Correspondence to: Dr Yoshihiro Komohara, Department of 
Cell Pathology, Graduate School of Medical Sciences, Kumamoto 
University, Honjo 1‑1‑1, Kumamoto 860‑8556, Japan
E‑mail: ycomo@kumamoto‑u.ac.jp

Key words: macrophage, tumor‑associated macrophages, 
nanoparticle, glioma, macrophage‑colony stimulating factor receptor



KOMOHARA et al:  SEPARATION OF MACROPHAGES WITH NANOPARTICLES 1641

in addition to methods to deplete these macrophages in direct 
co‑culture experiments by means of a magnet. By using these 
nanoparticles, the present study revealed that the expression 
of pro‑tumor genes, including CCL2, interleukin (IL)‑6, and 
M‑CSF receptor (M‑CSFR) were significantly upregulated in 
T98G glioma cells by direct co‑culture with macrophages.

Materials and methods

Synthesis of magnetite nanoparticles. Fe(III) acetylaceto-
nate (1.09 g), 1,8‑octanediol (0.09 g), 1‑octadecene (21 ml), 
and oleylamine (2.1 ml; all Wako Pure Chemical Industries, 
Ltd., Osaka, Japan) were loaded into a three‑necked flask. 
The mixture was heated to 110˚C for 30 min under vacuum. 
The temperature was then increased to 200˚C under a 99.9% 
argon atmosphere and incubated for 2 h to produce magne-
tite nanoparticles. Following the reaction, the nanoparticles 
were further heated to 280˚C and incubated for 1 h under an 
argon atmosphere. The resulting magnetite nanoparticles were 
washed 3 times by repeated precipitation from 100% hexane 
by adding excess 99% ethanol to remove any impurities from 
the magnetite surface. The synthesized magnetite nanopar-
ticles were dispersed in hexane for storage.

Gelatin coating of magnetite nanoparticles. Following the 
removal of the hexane and dispersal of the magnetite nanopar-
ticles by centrifugation at 1,200 x g for 30 min, the magnetite 
nanoparticles were dried in vacuo. Gelatin (0.13 g; Nitta 
Gelatin Inc., Osaka, Japan) was added to 0.35 ml distilled 
water and incubated for 2 h at room temperature. Following 
hydration, the gelatin was heated to 60˚C and dissolved. 
The magnetite nanoparticles (0.20 g) were mixed with the 
gelatin solution at 60˚C to produce a gel formation of the 
gelatin. This gel was dried following cooling, in vacuo, and 
the resultant black block was rubbed on an inkstone and 
gelatin‑coated magnetite nanoparticles were obtained. The 
morphology of the gelatin‑coated magnetite nanoparticles 
was observed using transmission electron microscopy (TEM; 
JEM‑1400 plus; JEOL, Ltd., Tokyo, Japan). Samples were 
placed on carbon‑coat copper grids (Okenshoji Co., Ltd., 
Tokyo, Japan), allowed to dry in the open air and then dried 
in vacuo. The size distribution of the magnetite nanopar-
ticles was measured using dynamic light scattering analysis 
with the Zetasizer Nano ZS™ (Malvern Instruments, Ltd., 
Malvern, UK).

Macrophages. Peripheral blood mononuclear cells were 
obtained from healthy volunteer donors (six male healthy 
donors recruited from Kumamoto University; Kumamoto, 
Japan; 25‑40 years old) recruited between April 2015 and 
February 2016 whom had all provided written informed consent 
for the use of their cells in accordance with the study protocols 
approved by the Kumamoto University Hospital Review Board 
(no. G309; Kumamoto, Japan). CD14+ monocytes were isolated 
using CD14‑microbeads (Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany), and the cells were then cultured in 2% 
human serum, 1 ng/ml granulocyte macrophage‑colony stimu-
lating factor (GM‑CSF) and 50 ng/ml M‑CSF (all Wako Pure 
Chemical Industries, Ltd., Osaka, Japan) for 7 days at 37˚C to 
induce macrophages.

Glioma cell line. The human glioma cell line, T98G, was 
purchased from the American Type Culture Collection 
(Manassas, VA, USA), and was maintained in Dulbecco's 
modified Eagle medium (DMEM)/Ham's F‑12 supple-
mented with 10% fetal bovine serum (FBS; all Wako Pure 
Chemical Industries, Ltd.). T98G cells were infected with 
a lentivirus encoding green fluorescent protein (GFP; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) and T98G 
GFP‑expressing (T98G‑GFP) cells were selected using puro-
mycin, as described in the manufacturer's protocol (Santa 
Cruz Biotechnology, Inc.).

Uptake of magnetite nanoparticles by human macrophages 
and T98G cells. The gelatin‑coated magnetite nanoparticles 
(10 µl; 7.3 mg/ml) were added to human macrophages obtained 
from healthy volunteers and to the human glioblastoma T98G 
cells, which were then cultured for up to 2 h at 37˚C in 100 µl 
DMEM/Ham's F‑12 supplemented with 10% FBS in LabTech 
Chamber Slides (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). Uptake of the nanoparticles was observed using 
an optical microscope (BX51; Olympus Corp., Tokyo, Japan) 
following hematoxylin staining for 1 min at room temperature.

Separation of human macrophages from the co‑culture of 
macrophages and T98G cells. Human macrophages and 
T98G cells (2x105 and 1x105 cells/well in a 6‑well culture 
plate, respectively) were mixed and co‑cultured at 37˚C under 
5% CO2. After 2  days, the magnetite nanoparticles were 
added to the culture medium. Following a 1‑h incubation at 
37˚C, the cells were collected into a centrifuge tube using 
cell dissociating buffer (Thermo Fisher Scientific, Inc.). Cells 
that had taken up the magnetite nanoparticles were collected 
using a magnet (MPC‑S, DYNAL®; Invitrogen; Thermo 
Fisher Scientific, Inc.). All cells, magnet‑collected or not, were 
attached to glass slides using Cytospin (800 x g for 5 min ar 
room temperatyre; Thermo Fisher Scientific, Inc.).

Immunostaining. All procedures were performed at 37˚C. 
Cells were fixed with cold acetone (100%) and subsequently 
incubated with 1% FBS in PBS for blocking (10 min) and then 
anti‑CD204 antibody (1:100; clone no. SRA‑E5; MAB1710, 
Cosmo Bio, Tokyo, Japan) for 1 h in order to detect TAMs. 
Following this, cells were incubated with secondary antibody 
(1:2; 414131; Nichirei Biosciences, Inc., Tokyo, Japan) for 
30 min. Reactions were visualized under light microscope 
using a diaminobenzidine (DAB) substrate kit as described in 
manufacture's protocol (Nichirei Biosciences, Inc.).

Magnet beads. Anti‑human CD14 antibody‑labeled micro-
beads and a magnetic column were purchased from Miltenyi 
Biotec GmbH were used, according to the manufacturer's 
protocol.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The mRNA expression in T98G cells was evalu-
ated using RT‑qPCR, as previously described (14). Total RNA 
was extracted with RNAiso Plus (Takara Bio, Inc., Otsu, 
Japan), following the manufacturers protocol. RNA was reverse 
transcribed using a PrimeScript RT Reagent kit, according to 
the manufacturer's instructions, and DNase from Takara Bio, 
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Inc. The complementary DNA product (25 µl) was amplified 
as follows: 94˚C for 5 min followed by 40 cycles of 94˚C 
for 30 sec and 60˚C for 30 sec. qPCR was performed using 
TaqMan polymerase with SYBR-Green fluorescence (Takara 
Bio, Inc.) with an ABI PRISM® 7300 Sequence Detection 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The sequences of the primers were designed using the Primer3 
website (bioinfo.ut.ee/primer3‑0.4.0/) and were synthesized 
by Hokkaido System Science Co., Ltd., (Tokyo, Japan). The 
primer sequences are presented in Table I. The internal control 
gene used was β‑actin, and three parallel wells were set up for 
each DNA sample (25 µl/well). The relative expression level 
was determined using the 2‑ΔΔCq normalization method (15).

Flow cytometry. Cells were detached using cell dissociation 
buffer (Thermo Fisher Scientific, Inc.) and incubated with 
blocking solution (422302; BioLegend, San Diego, CA, 
USA) for 10  min at room temperature. Cells were then 
stained using anti‑M‑CSFR antibody (1:1,000; rabbit poly-
clonal; LS‑C167079; LifeSpan Bioscience, Inc., Seattle, WA, 
USA) or control rabbit immunoglobulin (Ig)G (AB‑105C; 
Santa Cruz Biotechnology, Inc.) with Fc receptor blocking 
solution (BioLegend, Inc.). The cells were then incubated 
for 30  min at room temperature with allophycocianin 
(APC)‑labeled anti‑rabbit antibody (1:1; 406414; BioLegend, 
Inc.), and staining signals were evaluated using FACSverse™ 
(BD Biosciences, Franklin Lakes, NJ, USA) and FACSuite 
software 21 (BD Biosciences).

Western blot analysis. Cells were lysed in ice‑cold lysis buffer 
[50 mM Tris (pH 8.0), 1 mM EDTA, 150 mM NaCl and 1% 
NP‑40] and a protease inhibitor cocktail (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany). Following electro-
phoresis of 10 µg/lane protein using 10% SDS‑PAGE, the 
polyvinylidene difluoride membrane was incubated for 1 h 
at room temperature with anti‑M‑CSFR antibody (1:1,000; 
rabbit polyclonal; 3152; Cell Signaling Technology, Inc., 
Danvers, MA, USA) or anti‑β‑actin antibody (1:2,000; 

mouse monoclonal; sc47778; Santa Cruz Biotechnology, 
Inc.) Horseradish peroxidase‑goat anti‑mouse or rabbit IgG 
(1:1,000; 31430; 31460; Thermo Fisher Scientific, Inc.) were 
used as the secondary antibody and incubated for 30 min at 
room temperature. Immunoreactive bands were visualized 
using the Pierce Western Blotting Substrate Plus kit (Pierce; 
Thermo Fisher Scientific, Inc.) and ImageQuant™ LAS‑4000 
mini (GE Healthcare Life Sciences, Uppsala, Sweden).

Statistical analysis. Statistical analysis of PCR data 
was completed using Student's t‑tests using EXEL 2016 
software (Redmond, WA, USA). Data are presented as the 
mean ± standard deviation of triplicate results. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Characterization of magnetite nanoparticles. Magnetite 
nanoparticles were prepared by reducing Fe(III) in the pres-
ence of 1,8‑octanediol, 1‑octadecene and oleylamine by 
heating under an argon atmosphere, followed by the use of 
previously reported methods (16). The magnetite nanoparticles 
were mixed with a gelatin solution at 60˚C and, following 
cooling, a gelatin gel containing the magnetite nanoparticles 
was prepared. The gel was dried in vacuo and the solid block 
was rubbed on an inkstone with water. This method is the 
same as the traditional method used to prepare Chinese 
gelatin‑coated carbon black ink. Nanoparticles of ~20 nm in 
diameter were observed under TEM and the particles formed 
aggregates (Fig. 1). Dynamic light scattering analysis indi-
cated that the mean diameter of the aggregates was 800 nm. 
The TEM image indicated a shadow on the surface of these 
particles, confirming that the magnetite nanoparticles were 
coated with a gelatin coating that was ~4 nm thick (Fig. 1).

Uptake of magnetite by macrophages and T98G cells. The 
gelatin‑coated magnetite nanoparticles were added to human 
macrophages and glioblastoma T98G cells. Uptake of the 

Table I. Primer sequences for reverse transcription‑quantitative polymerase chain reaction.

Gene	 Direction	 Sequence (5'‑3')

Chemokine (CC motif) ligand 2	 F	 CATAGCAGCCACCTTCATTCC
	 R	 TGCACTGAGATCTTCCTATTGGTG
Interleukin‑6	 F	 ATGTGTGAAAGCAGCAAAGAGG
	 R	 GTGATGATTTTCACCAGGCAAG
O(6)‑methylguanine‑DNA methyltansferase	 F	 GGCCGAAACTGAGTATGTGC
	 R	 CCTTTAATACAGCGGTGCCT
Transforming growth factor‑β	 F	 AGCAACAATTCCTGGCGATAC
	 R	 GCGAAAGCCCTCAATTTCC
Vascular endothelial growth factor‑A	 F	 CAGGAGTACCCTGATGAGATCG
	 R	 TCTGCATGGTGATGTTGGAC
β‑actin	 F	 ATTCCTATGTGGGCGACGAG
	 R	 AAGGTGTGGTGCCAGATTTTC

F, forward; R, reverse.
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nanoparticles by macrophage cells was observed at 10 min, 
and the amount of nanoparticles taken up increased with 
the incubation time (Fig. 2A). Since the nanoparticles were 
observed as dots, it is possible that they were internalized 
by an endocytic pathway. T98G cells also internalized the 
nanoparticles; however, the amount internalized was lower 
than that in the human macrophages (Fig. 2B).

Separation of human macrophages from co‑culture of macro‑
phages and T98G cells. In order to determine whether the 
magnetite nanoparticles may be used to separate macrophages 
from co‑cultures with T98G cells, the nanoparticles were added 
to a mixture of these cells. Once the nanoparticles were taken 
up by the cells, any cells with magnetite nanoparticles were 
collected using a magnet and analyzed (Fig. 3A). CD204 is a 
specific marker of macrophages and, based on the expression of 
this marker, ~30% of the co‑cultured cells were macrophages 
(Fig. 3B). As presented in Fig. 3C, the majority of the collected 
cells were stained with CD204, indicating that they were 
macrophages. However, certain CD204‑negative T98G cells 
were also detected in the collected cells, and the percentage 
of contaminating T98G cells was >5%. By contrast, the vast 
majority of the cells not collected with the magnet were not 
stained with CD204, and contamination with CD204‑positive 
macrophages was <1% (Fig. 3C). These results indicated that, 
while the purity of the collected macrophages was not high, the 
purity of the T98G cells in the uncollected fraction was high 
enough that the cells could be used for further analysis. In addi-
tion, the results obtained using magnetite nanoparticles were 

compared with those obtained using commercially available 
anti‑CD14 antibody‑labeled microbeads and a magnet column. 
The purity of the separated tumor cells using commercially 
available magnet beads was 12‑14%, which was higher than 
that obtained using magnetite nanoparticles (Fig. 3D).

Enhanced expression of CCL2, IL‑6 and M‑CSFR by 
T98G cells co‑cultured with macrophages. It has been 
previously demonstrated that co‑culture with macrophages 
induces activation of T98G cells; however, the gene expres-
sion profile of T98G cells was not evaluated (8). Therefore, 
in the present study, the gene expression of CCL2, IL‑6, 
O(6)‑methylguanine‑DNA methyltansferase (MGMT), 
transforming growth factor‑β (TGF‑β), vascular endothelial 
growth factor‑A (VEGF‑A) and M‑CSFR in control T98G 
cells and in the T98G cells isolated from a co‑culture with 
macrophages was investigated by RT‑qPCR. Upregulation 
of CCL2, IL‑6, and M‑CSFR mRNA expression was 
demonstrated in T98G cells that had been co‑cultured with 
macrophages compared with control cells (P<0.01; Fig. 4A). 
No significant differences in the mRNA expression levels of 
MGMT, TGF‑β or VEGF‑A were observed (data not shown). 
M‑CSFR expression in the cells was further evaluated by flow 
cytometry to confirm the increased expression of M‑CSFR 
in T98G cells co‑cultured with macrophages compared 
with control cells. In this experiment, T98G‑GFP cells and 
macrophages were directly mixed and co‑cultured for 2 days, 
following which the cells were stained with an anti‑M‑CSFR 
antibody. As demonstrated in Fig.  4B, overexpression of 

Figure 1. Transmission electron microscopy image (magnification, x10,000) of gelatin‑coated magnetite nanoparticles and the size distribution of the gelatin 
magnetite nanoparticles.

Figure 2. Hematoxylin staining of cells following the addition of gelatin‑coated magnetite nanoparticles for 10, 20, 30, 60 or 120 min to (A) cultured macro-
phages or (B) T98G cells. Magnification, x200. Scale bar, 50 µm. 
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Figure 3. Immunostaining of the macrophage marker CD204 in magnet‑collected and uncollected cells. (A) Schematic of cell separation using gelatin‑coated 
magnetite nanoparticles. Cells were mixed and co‑cultured for 2 days, following which magnetite nanoparticles were added for 30 min. The cells were then 
detached using cell dissociation buffer and separated using a magnet. (B) Co‑cultured cells were attached to a glass slide and were immunostained for CD204. 
Cells were then separated using (C) gelatin‑coated magnetite nanoparticles or (D) commercially available anti‑CD14 antibody‑labeled microbeads, attached to 
a glass slide and immunostained for CD204. The data are representative of two or three independent experiments. CD, cluster of differentiation. 

Figure 4. Expression of pro‑tumor molecules by T98G cells following co‑culture with macrophages. (A) mRNA expression of CCL2, IL‑6 and M‑CSFR, 
normalized to β‑actin, in control T98G cells and T98G cells following their isolation from co‑culture with macrophages by depletion of the macrophages 
using gelatin‑coated magnetite nanoparticles. (B) M‑CSFR expression on the cell surface of T98G‑GFP cells and macrophages was analyzed using flow 
cytometry. M‑CSFR expression on macrophages and T98G‑GFP cells was distinguished by gating the green fluorescence of GFP. (C) T98G cells were cultured 
with the conditioned medium of a co‑culture of T98G cells and macrophages, following which M‑CSFR expression was evaluated by western blot analysis. 
β‑actin expression was analyzed as a loading control. The data are representative of at least two or three independent experiments. *P<0.01 vs. the control. 
CCL2, chemokine (CC motif) ligand 2; IL‑6, interleukin‑6; M‑CSFR, macrophage‑colony stimulating factor receptor; GFP, green fluorescence protein; IgG, 
immunoglobulin G; APC, allophycocyanin. 
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M‑CSFR was observed on T98G‑GFP cells when they were 
co‑cultured with macrophages. In addition to analysis using 
flow cytometry, the effect of the conditioned medium of a 
co‑culture of T98G cells and macrophages on M‑CSFR 
expression by T98G cells was evaluated using western blot 
analysis. T98G cells were cultured with the conditioned 
medium of co‑cultured (T98G and macrophages) cells for 6, 
24, or 48 h following which cell lysates were analyzed by 
western blot analysis. M‑CSFR expression in T98G cells was 
markedly increased in a time dependent manner by stimula-
tion of the cells with the conditioned medium compared with 
control cells (Fig. 4C).

Discussion

The present study developed a simple and easy method for 
separating macrophages from tumor cells in a co‑culture 
system. The purity of the tumor cells was <90% following 
a previous attempt to separate macrophages from tumor 
cells in a co‑culture system using commercially available 
anti‑CD14 microbeads and a magnet column (unpublished 
data). Downregulation of the CD14 antigen in macrophages 
is considered to be the reason for this result. As the cost of 
preparing magnetite nanoparticles is markedly lower than 
that of commercially available antibody‑labeled microbeads, 
the methods presented in the present study may be more 
acceptable or more convenient than such microbeads for sepa-
rating macrophages from tumor cells in a co‑culture system. 
Although the purity of the obtained tumor cells is sufficient for 
further experiments aimed at evaluating mRNA expression, 
the purity of the obtained macrophages was affected by tumor 
cell contamination. Tumor cell contamination was considered 
to be due to non‑specific binding of magnetite nanoparticles 
to tumor cells, and further studies are necessary to reduce the 
non‑specific binding of magnetite nanoparticles by modulating 
the coating materials or methods.

In the present study, magnetite nanoparticles were coated 
with gelatin because of its low cost and specific binding 
affinity to macrophages (17). Nanoparticles or nanocarriers 
targeting macrophages have been developed and have been 
demonstrated to be useful for anti‑tumor therapy targeting 
TAMs (18,19). The present study initially aimed to develop 
the magnetite nanoparticles used in the present study for 
use as nanoparticles for targeting TAMs. These magnetite 
nanoparticles were assessed previously by the authors of the 
present study in a murine tumor implantation model. However, 
magnetite nanoparticles that were injected into a vein mainly 
localized to the liver, spleen and lung, and not to tumor tissues 
(unpublished data). Therefore, it may be necessary to develop 
additional methods to specifically deliver the magnetite 
nanoparticles to tumor tissues in vivo.

In the present study, pro‑tumor molecules including, 
CCL2, IL‑6 and M‑CSFR were significantly upregulated in 
T98G cells following co‑culture with macrophages. CCL2 is 
also known as MCP‑1 and was first identified in glioblastoma 
cell lines (20). CCL2 was then identified to be expressed by 
different types of tumor cells (20). CCL2 is closely involved 
in the chemotaxis of TAMs in the tumor microenviron-
ment (20). TAMs are believed to accelerate tumor progression 
and development, therefore CCL2/CC receptor type 2 binding 

is considered a promising target for additional anti‑tumor 
therapy (21). IL‑6 has a well‑known association with tumor 
cell proliferation, survival and tumorigenesis via activation of 
Janus kinases and STATs (22). IL‑6 secreted by mesenchymal 
cells and tumor cells activates the STAT3 signal, which is 
involved in the maintenance and tumorigenicity of glioma 
stem cells in glioma (23). Therefore, STAT3 is considered to be 
a therapeutic target for glioma. M‑CSFR, also known as c‑fms, 
is not only a well‑known oncogene that is involved in tumor 
proliferation and survival, but is expressed in macrophages 
and is associated with macrophage activation (24). M‑CSFR 
inhibition abrogates glioma progression by inhibiting the 
pro‑tumor activation of TAMs (25). Although there have been 
a number of research studies regarding M‑CSF production 
from glioma cells (26‑28), to the best of our knowledge, there 
is no published research assessing M‑CSFR expression in 
glioma cells, other than a previous study that reported the acti-
vation of M‑CSFR in both glioma cells and TAMs in human 
glioma samples (8). The observations indicated that M‑CSFR 
expression in cultured glioma cell lines is markedly lower 
than that in macrophages, and may suggest that M‑CSFR 
expression in glioma cells may not be of particular interest 
for further research. However, the present study demonstrated 
that M‑CSFR expression in T98G glioma cells was markedly 
upregulated by cell‑cell interaction with TAMs. M‑CSFR is 
known to be closely involved in tumor progression in other 
malignant tumors  (29) and therefore, the function of the 
observed M‑CSFR activation in glioma cells may be poten-
tially associated with glioma progression.

In conclusion, the present study developed gelatin‑coated 
magnetite nanoparticles for use in separating macrophages 
from tumor cells in a co‑culture system, and demonstrated that 
certain pro‑tumor molecules are induced in glioma cells by 
cell‑cell interaction with macrophages. Although the methods 
used to coat the magnetite nanoparticles require improvement 
in future studies to inhibit their non‑specific binding to tumor 
cells, magnetite nanoparticles are cheaper and easier to handle 
than antibody‑labeled microbeads. Magnetite nanoparticles 
may be a novel tool not only for targeting TAMs, but also for 
investigation of the unique activation status of tumor cells in 
co‑culture conditions.
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