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ABSTRACT: Iron oxide nanoparticles (IONPs) have emerging 

anti-cancer applications via polarizing tumor-associated macro-

phages from tumor-promoting phenotype (M2) to tumor-suppress-

ing phenotype (M1). However, the underlying mechanism and 

structure-function relationship remain unclear. We report magnet-

ite IONPs are more effective compared to hematite in M1 polariza-

tion and tumor suppression. Moreover, magnetite IONPs specifi-

cally rely on interferon regulatory factor 5 signaling pathway for 

M1 polarization and downregulate M2-assoicated arginase-1. This 

study provides new understandings and paves the way for design-

ing advanced iron-based anti-cancer technologies. 

Iron is essential for human body and has many important func-

tions.1 Due to the significant role and compatibility of iron in bio-

logical systems, synthetic iron oxide nanoparticles (IONPs, mostly 

magnetite and hematite) with tailored structures and surface prop-

erties have been widely applied in diverse bio-applications.2 Re-

cently, IONPs have drawn specific attention in cancer immunother-

apy. Carbohydrate-coated magnetite IONPs (known as Ferumoxy-

tol) have shown promising anti-cancer potential by activating tu-

mor-associated macrophage (TAM) from tumor-promoting pheno-

type (M2) to tumor-suppressing phenotype (M1).3 M1 polarization 

was also observed in spinal cord induced by dextran-coated ferric 

hydroxide.4 While both iron (II, III) and iron (III) sources have been 

studied individually, it is unknown which form (e.g., iron (II, III) 

oxide or iron (III) oxide nanoparticles) is more potent in inducing 

M1 activation. 

As a major component of immune cells infiltrating in tumors, un-

derstanding the polarization mechanism of TAMs is crucial. 

Among various strategies in polarizing TAMs from M2 to M1 phe-

notype,5 lipopolysaccharide (LPS), a bacterial component, has 

shown strong M1 activation performance through specific M1 sig-

naling pathways (e.g. NF-κB).6 The use of LPS is largely limited 

due to its endotoxin side effects in body.7 In addition, LPS-

stimulated macrophages upregulate expression of inducible nitric 

oxide synthase (iNOS) which exhibit controversial effects in both 

tumor promotion and inhibition.8-9 While IONPs could have ad-

vantage over LPS in biocompatibility, current understanding is that 

intracellular oxidative stress generated by iron could be correlated 

to M1 activation.3 However, the internal signaling pathway, i.e., 

how IONPs switch on M1 polarization remains unclear. M1 phe-

notype can be activated by several transcription factors, each lead-

ing to various cytokines with unique functions in tuning local tumor 

environment.10 Understanding the chemistry of IONPs and their 

signaling pathway in macrophage activation is pivotal for iron-

based anti-cancer applications.  

Here, the relationship between the IONP structures and macro-

phage activation functions is revealed for the first time. It is shown 

that magnetite IONPs are more potent in M1 macrophage polariza-

tion and tumor inhibition compared to hematite IONPs (Scheme 1). 

The IONPs were coated by a large-pore silica layer to avoid aggre-

gation and for future co-delivery applications. The M1 phenotype 

was found positively correlated to the iron-induced interferon reg-

ulatory factor 5 (IRF 5) pathway activation, without iNOS expres-

sion induced by oxidative stress-associated NF-κB pathway. More-

over, magnetite impaired M2 function via inhibiting arginase-1 

(Arg-1) expression. Both IRF5 up-regulation and Arg-1 down-reg-

ulation favor tumor inhibition, a mechanism not found in LPS.11-12 

Scheme 1. Mechanism of IONP-induced M1 Activation 

 

The composition of IONP significantly impacts on the ratio (R) of 

intracellular iron accumulation between treated and untreated mac-

rophages, leading to varied macrophage activation performance 

and anti-tumor property. 

To allow for a fair comparison, magnetite and hematite IONPs with 

similar size, morphology and surface property were firstly designed 

because these parameters have significant influence on the interac-

tion between nanoparticles and cells.13-14 Ellipsoidal hematite 

IONPs were prepared using a literature method with slight modifi-

cations,15 then used as the core to grow a large-pore dendritic silica 
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shell (D-SiO2, see supporting information).16 The final product is 

named as Fe2O3@D-SiO2. Fe3O4@D-SiO2 was converted from 

Fe2O3@D-SiO2 in H2/N2 atmosphere under 450 °C for 3 h. 

Transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) images of Fe2O3@D-SiO2 (Fig. 1a, 1c, Fig. 

S1a) and Fe3O4@D-SiO2 (Fig. 1b, 1d, Fig. S1b) show that both na-

noparticles have a core-shell structured ellipsoidal morphology 

with an average length of 490 nm and width of 320 nm. The large-

pore dendritic silica shell can be clearly observed from SEM im-

ages, and further confirmed by N2 adsorption-desorption isotherms 

(Fig. S1 c-d). An average pore size of ~ 40 nm was measured for 

both materials. The surface area, pore volume of two samples and 

their surface charge, polydispersity index (PDI) and size distribu-

tion in phosphate buffered saline (PBS) or cell culture medium are 

also comparable as shown in Figure S2 and summarized in Table 

S1. 

 

Figure 1. TEM (a, b) and SEM (c, d) images of Fe2O3@D-SiO2 (a, 

c) and Fe3O4@D-SiO2 (b, d). (e) Dark-filed TEM and elemental 

mapping images of Fe3O4@D-SiO2. (f) Fe ion release profile of 

IONP@D-SiO2 in PBS (pH 5). 

X-ray diffraction (XRD) measurements (Fig. S3a) indicate the suc-

cessful conversion of Fe3O4 from Fe2O3. The weight percentage of 

iron oxide accounted for 61.97 % and 62.89 % in Fe3O4@D-SiO2 

and Fe2O3@D-SiO2, respectively, according to Fe and Si measure-

ments by inductively coupled plasma optical emission spectrome-

try (ICP-OES, Fig. S3b). Dark field TEM and elemental mapping 

(Fe, O, Si) images of Fe3O4@D-SiO2 (Fig. 1e) confirm the Fe3O4 

core was confined in the silica shell. It is noted that without the 

silica shell (Fig. S4 a-b), magnetite IONPs cannot keep the original 

ellipsoidal shape of hematite and aggregated heavily due to mag-

netic interaction and recrystallization process.17-18 This conclusion 

is further supported by PDI measurements (Table S1) in PBS and 

the observation of sedimentation behavior of two IONPs (Fig. S4 

c-d). The above results indicate that the dendritic silica shell could 

stabilize magnetic Fe3O4 in the conversion process and prevented 

aggregation. Consequently, magnetite and hematite IONPs with 

comparable structural features were obtained. 

The large-pore dendritic silica coating provided not only a barrier 

against aggregation, but also a permeable shell to make the IONP 

cores available to various medium. As a quick demonstration, hol-

low D-SiO2 nanoparticles (Fig. S5) were obtained by removing 

IONP core in 2M HCl/ethanol solution. 

The corresponding tomogram (Fig. S5b) sliced from the center of 

D-SiO2 clearly revealed the porous shell and the successful removal 

of the IONP core. Nanoparticles with sizes less than 500 nm are 

normally internalized by cells through endocytosis and entrapped 

in endosome/lysosome with an acidic environment.19-20 Therefore, 

iron leaching kinetics of both IONPs@D-SiO2 in acidic PBS (pH 

5) was also investigated (Fig. 1f). Fe3O4@D-SiO2 showed a higher 

iron leaching than Fe2O3@D-SiO2 due to the weaker interaction of 

Fe2+-O bond present in Fe3O4 than Fe3+-O in Fe2O3.21 

The intracellular accumulation of soluble iron species was studied 

by incubating Fe3O4@D-SiO2 or Fe2O3@D-SiO2 with immature 

macrophage (M0). D-SiO2 was included as a negative control to 

understand the impact of silica. As shown in Figure 2a, Fe3O4@D-

SiO2 treated macrophage exhibited a dramatically higher iron level 

in cells than Fe2O3@D-SiO2 and D-SiO2 groups, mainly due to 

three reasons. (1) The intrinsic structure difference of IONPs leads 

to higher iron leaching of Fe3O4@D-SiO2 as shown in Fig. 1f. (2). 

Fe3O4@D-SiO2 exhibited slightly increased cellular uptake than 

Fe2O3@D-SiO2 (Fig. S6a), possibly contributed by magnetism-in-

duced aggregation18 (Table S1). (3) The oxidation states of leached 

Fe ions from Fe3O4@D-SiO2 and Fe2O3@D-SiO2 (Fe2+
 and Fe3+ 

from magnetite while only Fe3+ from hematite) may have influence 

on intracellular iron transport and accumulation.22 The import of 

Fe2+ to cytosol is more efficient than Fe3+, because extracellular or 

endosomal Fe3+
 requires more steps to cross cell membrane com-

pared to Fe2+.23 A direct comparison of FeSO4 and FeCl3 incubated 

with macrophages showed a higher intracellular iron accumulation 

of FeSO4 than that of FeCl3 (Fig. S7a), providing direct evidence of 

the impact of oxidation state of Fe ion on its intracellular import 

behavior. 

It is noted that all treated groups exhibited lower intracellular iron 

levels compared to untreated group (R<1) at early stages (< 3 h, 

Fig. 2a and S7a), indicating an iron exporting behavior occurred in 

irritated macrophages. It was reported that macrophages could 

lower their intracellular iron levels to protect themselves from oxi-

dative damages,24 since all groups including D-SiO2 increased re-

active oxygen species (ROS) levels compared to untreated group 

(Fig. 2b, S7b). Because of this self-protection mechanism, the iron 

export overtook iron import at short incubation time (< 3 h).  At 

prolonged incubation time (> 3 h), only Fe3O4@D-SiO2 group ex-

ceeded untreated group in intracellular iron level (R>1), indicating 

that Fe3O4 IONPs are superior to Fe2O3 IONPs in providing a high 

intracellular iron level. D-SiO2 showed the lowest intracellular iron 

level without additional iron supply.  

 

Figure 2. (a) Time-dependent intracellular iron accumulation nor-

malized to the untreated group and (b) intracellular ROS genera-

tion. Flow cytometry analysis of CD80/CD86/CD64 (c) expression 

on M0 macrophage (RAW264.7) after 24 h treatment. * in (b-d) 

indicates the difference of treated group versus untreated group. 

The M1 polarization level was investigated by the expression of 

three classic M1 surface markers (CD86, CD80 and CD64)25-26 af-

ter treating M0 with the three nano-formulations, using LPS as a 

positive control and interleukin 4 (IL-4, potent for M2 polarization) 

as a negative control. As illustrated in Figure 2c, Fe3O4@D-SiO2 

and LPS induced comparably high levels of CD80/CD86/CD64 ex-

pression. In contrast, Fe2O3@D-SiO2 and D-SiO2 showed similar 

CD80/CD86/CD64 expression levels compared to untreated group.  

To understand the M1 polarization mechanism, the classic M1 sig-

naling pathways were investigated. The activation levels of four 
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transcription factors (STAT1, NF-κB, AP-1, IRF5)10 were studied 

by verifying the corresponding gene expression levels. Figure 3a 

represented that Fe3O4@D-SiO2 only activated NF-κB and IRF5, 

distinct from LPS where four transcription factor levels were ele-

vated. This study was also performed in both RAW264.7 cells and 

bone-marrow derived macrophages (BMDM) at protein levels (see 

Figure S8 and discussions), further demonstrating the unique mag-

netite-induced transcription factor activation.  

 

Figure 3. (a, b) Signaling pathway study of M0 macrophage 

(RAW264.7) treated with LPS, IONP@D-SiO2 and D-SiO2. Gene 

expression levels were measured by quantitative RT-PCR (qPCR) 

relative to untreated control. (c) Re-activation study of M2 macro-

phage (RAW264.7) treated with LPS and IONP@D-SiO2. 

CD206/Arg-1 gene expression was determined by qPCR. M2 mac-

rophages were obtained by IL-4 treatment (20 ng/mL). * indicates 

the difference of treated group versus untreated group. 

The NF-κB activation is highly associated with intracellular ROS,27 

consistent with the observation that Fe3O4@D-SiO2 induced a high 

intracellular ROS level. It has been demonstrated that iron involves 

in the ubiquitination of TNF receptor associated factor 6 (TRAF6), 

which is the upstream of IRF5 activation.28-29 In our experiments, 

the co-localization of TRAF6, ubiquitin and nanoparticles (Fig. 

S9)29 indicated that both Fe3O4@D-SiO2 and Fe2O3@D-SiO2 suc-

ceeded in inducing TRAF6 ubiquitination, but not D-SiO2 nor LPS, 

suggesting the key role of iron in activation of IRF5. Compared to 

Fe3O4@D-SiO2, Fe2O3@D-SiO2 exhibited a lower level of TRAF6 

ubiquitination and failed in up-regulation of IRF5 expression/M1 

polarization. Our results indicate that a sufficiently high intracellu-

lar iron accumulation is important to the activation of IRF5 path-

way and M1 polarization. 

The downstream of NF-κB and IRF5 was further explored by de-

termining the gene expression level of iNOS10, 30 and interleukin 23 

(IL-23),31 respectively. Figures 3b-c show that negligible iNOS ex-

pressed in Fe3O4@D-SiO2 group, while IL-23 exhibited high up-

regulation. This result demonstrated that magnetite-induced M1 

macrophage only achieved phenotype from IRF5 activation but not 

from iNOS, possibly because iron could attenuate iNOS expres-

sion.32 Thus, even Fe3O4@D-SiO2 activated NF-κB via ROS gen-

eration, its corresponding phenotype was not expressed. Therefore, 

Fe3O4@D-SiO2 mediated M1 phenotype relies mainly on iron-in-

duced IRF5-IL23 signaling pathway rather than ROS-induced NF-

κB-iNOS pathway. The downstream of STAT1 and AP-1 was also 

investigated by measuring the gene expression level of CXCL1033 

and CCL2,34 respectively. Figure S10 showed the negligible ex-

pression of CXCL10 and CCL2 induced by IONP@D-SiO2, con-

sistent with the results shown in Figure 3a. 

The re-activation of macrophage from M2 to M1 was also studied. 

CD206 and Arg-1 are surface and intracellular markers, respec-

tively, in IL-4-induced M2 macrophage.25 Figure 3c and S11a-b 

depicted that magnetite-treated M2 macrophage exhibited slight 

up-regulation of M1 markers (CD80/CD86/CD64) and obvious 

down-regulation of M2 markers (CD206 and Arg-1). Importantly, 

only Fe3O4@D-SiO2 significantly reduced Arg-1 expression, which 

is associated with tumor growth and metastasis.12 The signaling ac-

tivation in reprogrammed macrophage further confirmed that IRF5 

was responsible for magnetite-induced M1 polarization (Fig. 

S11c). 

To demonstrate the superior macrophage activation performance of 

Fe3O4@D-SiO2 against Fe2O3@D-SiO2 in vivo, their tumor inhibi-

tion performance was evaluated using a prophylactic tumor model.3 

Malignant B16F10 cancer cells were implanted into right flank of 

female C57BL/6 mice together with IONP@D-SiO2. As expected, 

Fe3O4@D-SiO2 showed better anti-tumor performance than 

Fe2O3@D-SiO2 and control (Scheme 1). Figure 4 and S12 demon-

strated that Fe3O4@D-SiO2 induced more M1 macrophages and 

less M2 macrophages in tumor site compared to Fe2O3@D-SiO2. 

Meanwhile, Fe3O4@D-SiO2 treatment led to longer survival rate 

compared to Fe2O3@D-SiO2 (Figure S13a). The tumor inhibition 

of IONP@D-SiO2 was not mainly resulted from the toxicity of na-

noparticles (Figure S14, Table S2 and discussions). The cytotoxic 

T lymphocytes (CTL) population in spleen was also higher (Figure 

S13b), which is attributed to the IRF5 signaling pathway that pro-

motes T helper 1 (Th1) response and is beneficial for CTL activa-

tion35-36 that is widely considered crucial for anti-cancer activity.37 

Basically flat weight curves of nanoparticle-treated mice indicated 

that no severe health problem was caused by IONP (Fig. S13c).  

 

Figure 4. The population of M1 macrophages (labeled by F4/80+ 

and CD80+) in melanoma tumor treated with or without IONP@D-

SiO2 at day 12 after tumor implantation.   

In summary, the chemistry of IONPs on macrophage activation and 

the underlying signaling pathways have been revealed. It is demon-

strated that the intracellular iron level is the key for magnetite-in-

duced M1 polarization. Instead of ROS-induced NF-κB pathway, 

iron-induced IRF5 pathway is responsible for M1 phenotype polar-

ization, which favors CTL activation in anti-tumor activity. Under-

standing the unique role of iron-based nanomaterials in macro-

phage activation paves the way in macrophage-assisted anti-cancer 

therapies and future combination therapies.  

This material is available free of charge via the Internet at 

http://pubs.acs.org. 

Experimental details on material synthesis and characterizations as 

well as supporting results (PDF) 
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STAT1, Signal transducer and activator of transcription 1; NF-κB, 

nuclear factor kappa-light-chain-enhancer of activated B cells; AP-

1, Activator protein 1.  
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