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A B S T R A C T   

Macrophages are known to depict two major phenotypes: classically activated macrophages (M1), associated 
with high production of pro-inflammatory cytokines, and alternatively activated macrophages (M2), which 
present an anti-inflammatory function. A precise control over M1-M2 polarization is a promising strategy in 
therapeutics to modulate both tissue regeneration and tumor progression processes. However, this is not a simple 
task as macrophages behave differently depending on the microenvironment. In agreement with this, non- 
consistent data have been reported regarding macrophages response to magnetic iron oxide nanoparticles 
(MNPs). To investigate the impact of both tissue microenvironment and MNPs properties on the obtained 
macrophage responses, single-core (SC) and multi-core (MC) citrate coated MNPs, are synthesized and, after
wards, loaded with a macrophage polarization trigger, IL-4. The developed MNPs are then tested in macrophages 
subjected to different stimuli. We demonstrate that macrophages treated with low concentrations of MNPs 
behave differently depending on the polarization stage independently of the concentration of iron. Moreover, we 
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find out that MNPs size and morphology determines the effect of the IL-4 loaded MNPs on M1 macrophages, since 
IL-4 loaded SC MNPs favor the polarization of M1 macrophages towards M2 phenotype, while IL-4 loaded MC 
MNPs further stimulate the secretion of pro-inflammatory cytokines.   

1. Introduction 

Macrophages are immune cells with a critical role in the immune 
response against pathogenic infections, as well as an involvement in 
tissue homeostasis, tissue repair and development. The different con
tributions of macrophages in these processes depend in their polariza
tion stage. Macrophage polarization entails the exhibition of specific 
phenotype and a functional response to the environmental stimuli and 
signals [1]. Macrophages present two major phenotypes with different 
functions: the classically activated macrophages, hereafter M1, and the 
alternatively activated macrophages, hereafter M2. M1 phenotype is 
characterized by being associated with high production of pro- 
inflammatory cytokines, leading to an inflammatory response to clear 
pathogens and the damaged tissue at the initial state of a wound healing 
process. M2 macrophages, known as wound-healing macrophages, 
promote the healing and regeneration process and are also associated to 
tumor progression and metastasis. These cells present an anti- 
inflammatory function, as well as pro-regenerative role [2,3]. 

Cytokines are one of the several stimulatory factors that lead mac
rophages to polarization towards M1 or M2. INF-γ, TNF-α or M-CSF are 
pro-inflammatory cytokines that can provoke M1 polarization, while IL- 
10, IL-6 or IL-4 are anti-inflammatory cytokines that stimulate M2 po
larization [4,5]. 

Although many cell types are involved in tissue recovery processes, 
because of their high plasticity, macrophages have been shown to pre
sent critical regulatory activity at all stages of repair and regeneration 
[6,7]. As an example, in bone regeneration, osteal macrophages play a 
key role in the regulation of bone healing, for being able to instruct bone 
regeneration upon biomaterials implantation [8,9]. In repair and 
regeneration processes, after the recession of the early inflammatory 
phase, the predominant macrophage population adopts a wound- 
healing phenotype, identified by the production of numerous growth 
factors. An amplified or prologued pro-inflammatory phase and a defi
ciency of anti-inflammation can lead to unsuccessful regeneration 
causing bone fractures [10,11]. The transition from the inflammatory 
(M1) to the anti-inflammatory (M2) phase is a key step in regulating the 
presence of different macrophage subtypes and the promotion of tissue 
regeneration [12]. 

On the other hand, the re-education of macrophages by inducing an 
M2 to M1 switch, can be used to regulate tumor development [13,14]. 
Tumor-associated macrophages (TAMs) are macrophages found in the 
tumor microenvironment (TME). These macrophages have been re
ported to show at higher extend a M2 polarization profile compared to 
M1. TAMs are highly dependent on the stimuli present within the TME, 
where the population of M2 macrophages acts enhancing the tumor cell 
growth [15]. The possibility to re-educate TAM by repolarizing the pro- 
tumoral M2 macrophages towards tumoricidal M1 macrophages directs 
the attention to its use as a therapeutic approach in restraining tumor 
progression [16–19]. 

Therefore, a precise control on M1-M2 polarization during tissue 
repair and tumor progression processes can be a promising strategy in 
therapeutics [20–22]. Different methods can be used to reprogram 
macrophages for therapeutic purposes. Some of the most common 
methods are targeted antibody treatments [23], small molecule drugs 
[24,25] and gene expression modification using viral vectors [26,27], 
naked nucleic acids [28] and artificial nucleic acids carriers or nano
vectors [29]. In addition to nucleic acid delivery, nanoparticles can be 
loaded with therapeutic molecules for macrophage targeting and po
larization control [30,31]. 

Among all the nanoparticles, iron oxide magnetic nanoparticles 

(MNPs) have shown promising results as nanocarriers for therapy and as 
contrast agents for magnetic resonance imaging [32–34]. They present a 
wide variety of possibilities for surface modification, easily scaling-up 
synthesis and advantageous magnetic properties [35]. The impacts of 
iron oxide nanoparticles used as contrast agents in macrophages [36] 
have been previously reported. Likewise, their effects as inhibitors of 
tumor growth through macrophage polarization [37] and as reductors of 
macrophage inflammatory response in tissue regeneration [38] have 
been previously tested with inconsistent results depending on the 
nanoparticles sizes, concentrations and the specific study. 

To elucidate the role of macrophage microenvironment and the 
nanoparticles properties on the obtained macrophage response, single- 
core (SC) and multi-core (MC) citrate coated iron oxide magnetic 
nanoparticles were prepared and tethered with a macrophage polari
zation trigger, IL-4. Plain MNPs and IL-4 loaded MNPs were then tested 
on naïve and M1 human macrophages. Moreover, loaded MNPs were 
internalized in M1 macrophages through passive transfection and 
magnetotransfection. The effect of the size, concentration and trans
fection modality was studied through the analysis of the macrophages 
secrotome profile. Passive transfection studies showed that IL-4 loaded 
SC (SCIL-4) produced a decrease in the pro-inflammatory cytokines 
secretion of M1 macrophages compared to non-treated cells, while IL-4 
loaded MC (MCIL-4) produced the opposite effect by increasing the pro- 
inflammatory cytokines secretion. In the case of magnetotransfection, 
SCIL-4 NPs did not produce a significant effect while MCIL-4 NPs pro
moted an increased secretion of pro-inflammatory cytokines. However, 
when increasing the MNPs concentration, SCIL-4 NPs achieved an anti- 
inflammatory cytokines secretion profile, while MCIL-4 NPs raised the 
production pro-inflammatory M-CSF and TNF-α. These results help to 
understand the macrophages responses to MNPs pointing out, for the 
first time, that these cells respond differently to the nanoparticles 
depending on the polarization stage. This finding would be useful to 
tailor the macrophages responses in both regeneration processes and 
tumor progression control. 

2. Materials and methods 

2.1. Materials 

Iron trichlorhide hexahydrate (FeCl3⋅6H2O, 99 %), iron sulfate 
heptahydrate (FeSO4⋅7H2O, 99 %), ammonium hydroxide solution 
(NH4OH, 28 %), sodium citrate dihydrate (C6H9Na3O9⋅2H2O, 98 %), 
sodium acetate anhydrous (C2H3NaO2, 99 %), N-(3-Dimethylamino
propyl)-N′-ethylcarbodiimide hydrochloride (EDC, 98 %), N-hydrox
ysulfosuccinimide sodium salt (sulfo-NHS, 98 %), bovine serum albumin 
(BSA, 98 %) and phorbol 12-myristate 13-acetate were obtained from 
Sigma-Aldrich (Germany). Ethanol (C2H6O, absolute) was purchased 
from Merck (Germany). Ethylene glycol (C2H6O2, 95 %) was obtained 
from Fluka (Switzerland). Hydrochloric acid (HCl, 37 %) was obtained 
from Acros Organics (Belgium). Cyclohexane (C6H12, 99 %) was pur
chased from Alfa Aesar (UK). Recombinant human interleukin 4 (IL-4) 
was purchased from Gibco (USA). Monocytes cell line, THP-1 (TIB-202), 
were obtained from ATCC (USA). Fetal bovine serum (FBS), Roswell 
Park Memorial Institute 1640 Medium (RPMI 1640), antibiotic solution 
(10.000 units/mL penicillin, 10.000 µg/mL streptomycin) cell culture 
grade 2-mercaptoethanol and Dulbecco’s Modified phosphate buffered 
saline (DPBS) were obtained from Gibco (USA). Cell Proliferation Re
agent WST-1 was purchased from Roche (Switzerland). Milli-Q (Milli
pore®, Burlington, MA, USA) deionized water, and cell culture grade 
water purchased from Corning were used in all the experiments. Cell 
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culture grade water was used in all the experiments unless the use of 
Milli-Q water is indicated. All chemicals were used without any further 
purification. 

2.2. Synthesis of single-core citrate coated iron oxide nanoparticles (SC) 

FeCl3⋅6H2O (45 mmol) and FeSO4⋅7H2O (30 mmol) were dissolved in 
HCl (100 mL, 10 mM) with mechanical stirring at 220 rpm for 30 min at 
room temperature. Next, the temperature was raised to 60 ◦C and 
NH4OH (30 mL) was added to the solution, and it was allowed to react 
for 1 h. After that time, sodium citrate (170 mmol) was added, and the 
mixture was heated up to 95 ◦C and the temperature was maintained for 
2 h. After that time, the pH was adjusted to 4 with HCl (9 %). The ob
tained nanoparticles were magnetically isolated, washed four times with 
Milli-Q water and suspended in cell culture grade water. Thermogravi
metric analysis revealed a composition of 63.6 % of Fe3O4 per NP. 

2.3. Synthesis of multi-core citrate coated iron oxide nanoparticles (MC) 

Multi-core citrate coated iron oxide nanoparticles were obtained by a 
solvothermal process described by Jiang [39]. FeCl3⋅6H2O (3.8 mmol), 
sodium citrate (0.41 mmol) and sodium acetate (33 mmol) were dis
solved in ethylene glycol (30 mL) with mechanical stirring at 150 rpm 
until the solution process was completed. The solution was transferred 
to a 50 mL Teflon-lined stainless-steel autoclave. The autoclave was 
heated to 200 ◦C for 15 h, and then cooled to room temperature natu
rally. The product was magnetically isolated with a NdFeB magnet and 
washed three times with ethanol and five times with Milli-Q water. 
Finally, the MNPs were redispersed in cell culture grade water. Ther
mogravimetric analysis revealed a composition of 68.2 % of Fe3O4 per 
NP. 

2.4. Adsorption of BSA on MNPs 

To evaluate the adsorption of BSA on the nanoparticles surface, 
several tests were carried out at different incubation times. For that, 
nanoparticles (1 mg mL− 1 in PBS) were mixed with BSA (50 μg mL− 1 in 
PBS) in a total volume of 400 μL. The suspensions were incubated for 2 
and 4 h at room temperature and 24 h at 4 ◦C. Then, the MNPs were 
centrifuged at 13300 rpm for 15 min at 4 ◦C and the supernatant was 
used to analyze the adsorption efficiency with a Micro BCA™ Protein 
Assay Kit. 

2.5. Functionalization of MNPs with BSA 

The procedure for the functionalization of MNPs with BSA is based 
on a previously published protocol [40] and was carried out as it fol
lows. EDC (100 μL, 43 mM) and sulfo-NHS (100 μL, 65 mM) were added 
to a MNPs’ suspension (800 μL, 1.25 mg mL− 1) in MES (50 mM). The 
mixture was incubated for 30 min at 37 ◦C with orbital shaking at 200 
rpm. Then, the MNPs were washed twice with water and resuspended in 
H2O (990 μL). Later, BSA (10 μL, 5 mg mL− 1) was added to the MNPs and 
the mixture was incubated overnight at 37 ◦C with orbital shaking at 
200 rpm. Then, the MNPs were centrifuged at 13300 rpm for 15 min at 
4 ◦C. The supernatant was used to evaluate the loading efficiency by 
measuring the protein concentration with a Micro BCA™ Protein Assay 
Kit. 

2.6. Functionalization of MNPs with IL-4 

The steps of the protocol for the functionalization of MNPs with BSA 
are also on the protocol functionalization of MNPs with IL-4. EDC (20 μL, 
43 mM) and of sulfo-NHS (20 μL, 65 mM) were added to a MNPs’ sus
pension (160 μL, 1.25 mg mL− 1) in MES (50 mM). The mixture was 
incubated for 30 min at 37 ◦C with orbital shaking at 200 rpm. Then, the 
MNPs were washed twice with water and resuspended in H2O (180 μL). 

Later, IL-4 (20 μL, 500 μg μL− 1) were added to the MNPs and the mixture 
was incubated overnight at 37 ◦C with orbital shaking at 200 rpm. Then, 
the MNPs were centrifuged at 13300 rpm for 15 min at 4 ◦C and the 
supernatant was preserved to analyze the loading efficiency with BCA 
kit. Finally, the MNPs were washed three times with water and resus
pended in cell culture grade water. Loading efficiency of IL-4 on MNPs 
was evaluated by measuring the protein concentrations in supernatants 
collected from the previous washing step with a Micro BCA™ Protein 
Assay Kit. 

2.7. Physicochemical characterization of MNPs 

The characterization of the crystalline phase of the nanoparticles was 
performed by powder X-ray diffraction (XRD) using a Philips diffrac
tometer (Panalytical, Callo End, UK) with Cu Kα radiation (λ = 1.5406 
Å). Measurements were collected in the 2θ angle range from 10◦ to 80◦

with steps of 0.02◦ and accounting time of 5 s per step. The peak 
broadening of XRD patterns is used to obtain crystallite size using 
Scherrer’s equation [41]: 

d =
kλ

βcosθhkl  

where d is the mean size of the crystallite (nm), k is the Scherrer constant 
(0.9, dimensionless), λ is the wavelength of the X-ray beam used 
(0.154060 nm), β is the full width at half maximum (FWHM, radians) of 
the peak and θ is the Bragg angle (degrees). The morphology of the 
MNPs was characterized by transmission electron microscopy (TEM) 
using a JEOL JEM-1011 microscope (JEOL, Tokyo, Japan) operating at 
100 kV. The Fourier transform infrared (FT-IR) spectra were recorded in 
a Thermo Nicolet Nexus spectrometer (Thermo Fisher Scientific, 
Madrid, Spain) using the attenuated total reflectance (ATR) method in 
the range 400–4000 cm− 1. Hydrodynamic diameter and zeta potential 
values of the nanoparticles were measured using a Zetasizer Nano 
(Malvern, Worcestershire, UK) operating at a wavelength of 633 nm and 
automatic attenuation at 25 ◦C. Three different reading were used by the 
software to calculate all the results. Magnetic properties were assessed 
by measuring the magnetization curve using a vibrating sample 
magnetometer (VSM) (DMS, Lowell, MA, USA). The measurements were 
carried out with an applied field between − 10 and + 10 kOe at room 
temperature. Thermogravimetric analyses were performed using a TGA 
Perkin Elmer model 8000 (Perkin, Waltham, MA, USA). 

2.8. Cell culture 

Human monocytes (THP-1) were cultured in RPMI 1640 supple
mented with heat-inactivated fetal bovine serum (FBS, 10 %), antibiotic 
solution (1 %) and 2-mercaptoethanol (0.05 mM) at 37 ◦C and 5 % CO2. 
Monocytes were differentiated to macrophages by stimulating a cell 
suspension of 2 × 105 cells mL− 1 with PMA (Phorbol 12-myristate 13- 
acetate, 200 nM) for 72 h days. Then, the medium was replaced by fresh 
medium and cells were cultured for 24 h with standard complete media. 

2.9. Toxicity of MNPs 

To test the cytotoxicity of the nanoparticle’s portfolio macrophages 
were seeded at a density of 2 × 104 cells well− 1 in 96-well plates. 
Nanoparticles were properly diluted in complete cell culture media to 
reach a final concentration of 0.1, 0.05, 0.01 and 0.001 mg mL− 1. Cell 
monolayers were treated with the nanoparticle suspensions for 24 h. 
Afterwards, the nanoparticle suspension was removed, cell monolayers 
were washed twice with DPBS, and WST-1 (15 µL) reagent diluted with 
culture medium (150 µL) were added to each well. Cells were incubated 
2 h and absorbance was read at 450 nm in a microplate reader (Bio-Rad, 
USA). Cell viability was analyzed relative to control (Milli-Q water 
diluted as the nanoparticle suspensions) following the equation depicted 
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below: 

Cellviability(%) = (
SampleAbsorbance − Blank
ControlAbsorbance − Blank

) × 100  

2.10. Macrophage response to MNPs 

The effect of SC and MC “per se” on macrophage secretory profile 
was evaluated on human macrophages. Cells were seeded in 96-well 
plates at a density of 2 × 104 cells well− 1 and allowed to attach for 
24 h. Afterwards cells were treated with the nanoparticles suspensions at 
a concentration of 0.4 µg mL− 1 for 24 h and the macrophage secretome 
was analyzed in terms of Macrophage Colony-Stimulating Factor (M- 
CSF), Tumor Necrosis Factor alpha (TNF-α), Interferon gamma (IFN-γ), 
Interleukin 10 (IL-10) and Interleukin 13 (IL-13) concentration. The 
concentration of the selected cytokines was quantified by multiplex 
immunoassay kits (R&D Systems) following the manufacturer’s in
structions. Samples were diluted 1:1 in assay buffer and loaded into a 96- 
well plate, after which primary antibodies fixed in magnetic bead sus
pensions, detection antibodies, and streptavidin–phycoerythrin were 
added to the samples. The plate was then loaded into a MAGPIX system 
(Luminex), and analyte concentrations were obtained using the corre
spondent calibration curve. 

2.11. Effect of passive magnetic transfection on M1 macrophages 
phenotype 

Macrophage cells monolayers on 96-well plates were obtained as 
described in procedure above. Afterwards, cells were treated with IFN-γ 
(Gibco, USA) at 10 ng mL− 1 to promote an M1 phenotype macrophage 
polarization. Stimulated cells were then treated with SC and MC loaded 
with IL-4 (SCIL-4 and MCIL-4, respectively) using an equivalent IL-4 
concentration of 20 ng mL− 1 that means 0.414 µg mL− 1 for the SCIL-4 
and 0.493 µg mL− 1 for the MCIL-4. Unstimulated cells, cells without 
receiving any treatment, cells treated with plain IL-4 at 20 ng mL− 1 or 
with the blank SC and MC at the same concentration as IL-4 loaded 
nanoparticles were used as controls. After 24 h of treatment, cell culture 
media was removed and stored for cytokine quantification, cells were 
washed with DPBS and cell viability was evaluated as described for 
testing the toxicity of the nanoparticles. The secretion of pro- 
inflammatory and anti-inflammatory cytokines was evaluated as 
above described besides avoiding the quantification of IFN-γ. 

2.12. Magnetotransfection with IL-4 modified MNPs 

To perform magnetotransfection, macrophages were seeded in 24- 
well culture plates at a density of 93,750 cells per well and allowed to 
attach for 24 h. After stimulation with IFN-γ (10 ng mL− 1), the cells were 
treated with either blank MNPs or with IL-4-loaded NPs at two IL-4 
equivalent concentrations 20 and 40 ng mL− 1

, which correspond to 
0.41 and 0.82 µg mL− 1 for SC or 0.49 and 0.98 µg mL− 1 for MC. The 
addition of nanoparticles was followed by the placement of a magnet at 
the bottom of the plate, and the cells were exposed to a magnetic field 
for one hour in the incubator. Afterwards, the magnet was removed, and 
cells were allowed to settle for additionally 23 h. The supernatants were 
collected to quantify the secretion of the selected cytokines, and cell 
monolayers were processed as described above to assess cell viability. 
Controls included cells not subjected to the magnetic field, subjected to 
the magnetic field but not stimulated and subjected to the magnetic field 
and stimulated. Positive controls consisted of cells stimulated and sub
jected to the magnetic field and treated with IL-4 at concentrations of 20 
ng mL− 1 and 40 ng mL− 1. 

3. Results and discussion 

3.1. Characterization of citrate coated iron oxide nanoparticles 

The powder XRD patterns of SC and MC MNPs are presented in Fig. 1 
together with the XRD pattern for magnetite (ICSD card No. 77589).[42] 
The position and relative intensity of the MNPs diffraction peaks match 
the main theoretical magnetite reflections, whose diffraction peaks at 
18.4, 30.2, 35.6, 37.2, 43.3, 53.7, 57.2, 62.8, 71.3 and 74.4◦ respond to 
the [111], [022], [113], [422], [004], [224], [115], [044], [044], 
[026] and [335] planes of cubic Fe3O4 lattice, respectively. The results 
confirm the cubic spinel structure of the nanoparticles, match the data 
already reported in the literature [43]. From the XRD patterns crystal
line size values of 10.9 and 10.3 nm are obtained for SC and MC, 
respectively. 

The morphology of the obtained nanoparticles was examined by 
transmission electron microscopy (TEM). The analysis of the SC micro
graph revealed irregular spherical morphology and a diameter. size of 
about 11 nm (11.0 nm ± 3.0 nm) (Fig. 2A, B). The product of MC syn
thesis consists of uniform spherical particles with diameter size of about 
146 nm (145.9 nm ± 35.4 nm) (Fig. 2C, D). 

FT-IR spectra of SC and MC are shown in Fig. 3. Both spectra show 
the same characteristic bands. An absorption band around 562 cm− 1, 
characteristic of the stretching vibrations of the Fe-O bond, indicates the 
presence of the Fe3O4. The adsorption bands appearing at 1379 cm− 1 

and 1576 cm− 1 are assigned to the symmetric and asymmetric stretching 
vibrations of carboxylate ions from the citrate on the Fe3O4 surface, 
respectively. In addition, the adsorption bands around 2850 cm− 1 and 
2921 cm− 1 may be ascribed to the symmetric and asymmetric stretching 
vibrations of CH2 group, respectively. The broad adsorption band 
around 3350 cm− 1 is attributed to the stretching vibrations of the hy
droxyl groups of citrate present on the surface of the nanoparticles, as 
well as to the traces of molecular water.[44–47] The spectra confirm the 
success of the coating procedure of the iron oxide nanoparticles with 
citrate. 

The stability of the MNPs was analyzed through the values obtained 
by dynamic light scattering for the hydrodynamic diameter (Dh), poly
dispersity index (PDI) and the zeta potential (ζ), shown in Table 1. The 
hydrodynamic diameter obtained for both SC and MC in aqueous solu
tion (32 and 340 nm, respectively) is larger than the TEM diameter, as it 

Fig. 1. XRD pattern of magnetite, single-core citrate coated iron oxide nano
particles (SC) and multi-core citrate coated iron oxide nanoparticles (MC), 
indicating the diffraction peaks that respond to the planes of cubic 
Fe3O4 lattice. 
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can be expected, and already reported for similar systems since this 
technique analyzes the samples in a wet state and accounts also for the 
citrate molecules on the MNPs shell and adsorbed water molecules [48]. 
The obtained PDI values and size distribution of both SC and MC 

nanoparticles (0.220 and 0.233, respectively) are correlated with single 
nanoparticle population. The highly negative zeta potential, around −
50 mV in both cases, indicates the moderate electrostatic stability of the 
nanoparticles in aqueous suspension [49]. Moreover, when the nano
particles were diluted in complete cell culture media at the treatment 
concentrations (0.4 µg mL− 1) SC nanoparticles suspensions showed an 
increase in hydrodynamic diameter while maintaining a similar PDI. On 
the other hand, no effect was observed for MC. The increase in size of SC 
could be correlated with the adsorption of the media proteins on the 
nanoparticles surface forming a corona that could lead to small nano
particle aggregates. 

Magnetic properties of MNPs were investigated by measuring their 
magnetization curves with a vibrating sample magnetometer (VSM) at 
room temperature over a range of magnetic fields from − 10 kOe and +
10 kOe where the magnetization data were normalized to the content of 
magnetic mass of each sample. Fig. 4 shows the magnetic hysteresis 
loops of SC and MC from which relevant parameters such as saturation 
magnetization (MS), remanence (MR) or coercive force (HC), compiled in 
Table 2, can be obtained. The saturation magnetization values revealed 
to be similar in both MNPs, 68 emu/g for SC and 67 emu/g for MC which 
are in good agreement with the data from the literature [44,50] and 

Fig. 2. A) Transmission electron microscopy (TEM) micrograph and (B) size distribution of single-core citrate coated iron oxide nanoparticles (SC). C) TEM 
micrograph and (D) size distribution of multi-core citrate coated iron oxide nanoparticles (MC). Size distribution was obtained by using the ImageJ software. 

Fig. 3. FT-IR spectra of single-core citrate coated iron oxide nanoparticles (SC) 
in orange and multi-core citrate coated iron oxide nanoparticles (MC), indi
cating their characteristic bands. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Values of the hydrodynamic radius (Dh), polydispersity index (PDI) and zeta 
potential obtained for SC and MC in water (w) and complete media (m).  

Sample Dh [nm] PDI ζ [mV] 

SCw 32 ± 12  0.220 − 52 ± 13 
MCw 340 ± 218  0.233 − 51 ± 11 
SCm 85 ± 33  0.224 – 
MCm 174 ± 218  0.136 –  
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lower than the values of bulk magnetite (MS = 92 emu/g) [51], due to 
the presence of a dead magnetic layer in the surface of small magnetic 
nanoparticles that reduces the magnetization [52]. Despite the notable 
differences in the overall sizes of the MNPs, 11 nm and 146 nm for SC 
and MC, respectively, the MS obtained is similar agreeing with the 
crystalline size values (10.9 and 10.3 nm for SC and MC, respectively) 
and demonstrating that MC are formed by the clustering of smaller 
MNPs. On the other hand, the observed negligible coercive force (6.1 
and 16.1 Oe) and remanence magnetization (0.8 and 2.1 emu/g) for SC 
and MC, respectively, suggest a superparamagnetic behavior of the 
MNPs [53]. 

3.2. Loading of MNPs with BSA and IL-4 

Previously to MNPs loading with IL-4, several tests were performed 
with BSA to determine the optimum loading procedure. Loading effi
ciencies of BSA and IL-4 on MNPs were analyzed by quantifying the non- 
incorporated protein in the supernatants with a Micro BCA™ Protein 
Assay Kit. 

A first approach by electrostatic adsorption of BSA on the surface of 
MNPs was tried, showing and adsorption efficiency below 50 % in both 
SC and MC (Fig. 5), that could not be enhanced by testing longer incu
bation times (on the contrary, it even significantly reduced the adsorp
tion in the case of MC). 

Then, a chemical bonding strategy was essayed to achieve a better 
BSA loading performance following the well-known EDC-NHS activation 
route (see description in experimental section). The efficiency of the 
chemical bonding raised to 92 % for BSA loading of SC MNPs and 62 % 
for BSA loading of MC MNPs, showing a remarkable improvement on the 
loading capacity of the MNPs. Once the loading procedure was opti
mized using BSA, the same conditions were applied for an efficient 
loading of IL-4 onto the SC and MC MNPs. We observed that, the loading 

efficiency was maintained for SCIL-4 with a 93 % while for MCIL-4, the 
loading increased significantly up to an 81 %. The higher loading effi
ciency for the SC can be justified by the smaller size of the nanoparticles, 
that is related to the surface-to-volume ratio in the nanoscale [54]. 
Smaller MNPs present higher surface area ratio, and considering that for 
the same mass, the number of MNPs is larger in the case of SC, there is a 
larger surface area available for the functionalization. In addition, the 
curvature of the MNPs surface, which depends on the size of the nano
particles, can significantly affect the loading with cytokines [55]. 

The FT-IR spectra of IL-4 loaded SC (SCIL-4) and IL-4 loaded MC 
(MCIL–4) shown in Fig. 6 corroborates the success of the functionali
zation. The absorption bands that were previously assigned to Fe-O 
bond, COO− and CH2 groups in the citrate coated iron oxide nano
particles remain in the spectra of the loaded MNPs, together with an 
absorption band at 1652 cm− 1 corresponding to the characteristic amide 
I band of proteins, showing that IL-4 was successfully linked to the 
nanoparticles [56,57]. This is also confirmed by the absence of the band 
corresponding to the stretching vibrations of hydroxyl groups present on 
the surface of SC and MC. 

Fig. 4. Magnetic hysteresis loops of single-core citrate coated iron oxide 
nanoparticles (SC) and multi-core citrate coated iron oxide nanoparticles (MC) 
at room temperature showing superparamagnetic properties. Inset: Scale 
amplification of hysteresis loops. 

Table 2 
The values of saturation magnetization (MS), remanence (MR), and coercive 
force (HC) for the SC and MC magnetic nanoparticles were determined through 
the analysis of their respective hysteresis loops.  

Sample MS [emu/g] MR [emu/g] HC [Oe] 

SC  68.7  0.8  6.1 
MC  67.3  2.1  16.1  
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Fig. 5. BSA adsorption into single-core and multi-core iron oxide nanoparticles 
by electrostatic interactions at times 2, 4 and 24 h. * Denotes statistically sig
nificant differences with SC at the correspondent time-point (p < 0.05). 

Fig. 6. FT-IR spectra of IL-4 loaded SC (SCIL-4) in purple and IL-4 loaded MC 
(MCIL-4) in red, indicating their characteristic bands. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Á. Arnosa-Prieto et al.                                                                                                                                                                                                                         



Journal of Colloid And Interface Science 655 (2024) 286–295

292

3.3. Macrophage response to MNPs 

3.3.1. Effect of MNPs on non-polarized macrophages 
Macrophages are phagocytic highly plastic cells that play crucial 

roles in inflammation and tissue homeostasis. Associated to their 
phagocytic ability, these cells have been previously reported to highly 
uptake magnetic nanoparticles, serving as macrophage labeling agents 
[58]. This behavior could led to toxic effects at the cell level and changes 
in macrophage phenotype. To corroborate the lack of toxicity and any 
unexpected shift in macrophage phenotype, THP1-derived macrophages 
were treated with citrate coated single (SC) and multi-core (MC) iron 
oxide nanoparticle suspensions. Afterwards, cell viability and macro
phage cytokine fingerprints were determined by measuring the secretion 
of M1 and M2 associated cytokines. 

As shown in Fig. 7, the treatment with un-loaded iron oxide nano
particles did not cause a detrimental effect in cell viability and no 
changes in the cytokine secretion were observed for the tested condi
tions compared to control. In agreement with our findings the treatment 
with iron oxide nanoparticles have been previously reported to not 
modify macrophage proliferation and polarization capacity while not 
inducing cytokine production [59,60]. 

3.3.2. Effect of IL-4 loaded MNPs on M1 macrophages 
Fig. 8 shows the cytokine secretion of interferon-gamma stimulated 

macrophages, M1 phenotype, treated with both un-loaded and IL-4 
loaded iron oxide nanoparticles. In this scenario, clear differences can 
be observed between cells treated with single or multicore nano
particles. Cells treated with SC nanoparticles loaded with IL-4 showed a 
decrease in the secretion of M-CSF and TNF-α when compared to non- 
treated M1 macrophages, similarly to those results obtained with IL-4 
alone showing the expected anti-inflammatory effect. On the contrary, 
the secretion of these cytokines was significantly increased in cells 
treated with IL-4 loaded MC compared to non-treated M1. The incor
poration of IL-4 to MC nanoparticles promoted a decreased of M-CSF and 
TNF-α secretion compared to cells treated with plain MC indicating that 
the cytokine maintains its activity. However, these values remained 
higher than non-treated M1 macrophages, this effect, derived from the 
treatment with MC nanoparticles, is not related to cell toxicity as the 
metabolic activity of the treated cells were similar for all the conditions 
except for IL-4 that slightly promoted the cell metabolic activity of M1 
macrophages. 

Some authors have hypothesized the capacity of iron oxide nano
particles to control M2/M1 macrophage phenotype switch in tumor 
settings and overall macrophage behaviors. This effect has been thought 
to be related to the presence of iron inside the macrophages that may 
modulate the macrophage polarization status by controlling the 
expression of transferrin and other iron transport-related proteins [61]. 
However, this effect has been previously described to be dependent on 

the iron oxide concentration [62]. Interestingly, while on Fig. 7 we show 
the lack of cell response after the treatment with all the MNPs, the 
opposite effect is observed when cells are stimulated with interferon- 
gamma (Fig. 8) despite using the same nanoparticle concentration for 
both studies. Therefore, the differences in cell behavior observed be
tween both settings would be attributed to the polarization stage of 
macrophages, un-polarized macrophages (Fig. 7) versus M1 (IFN-γ 
stimulated cells) macrophages (Fig. 8). The role of iron on the polari
zation of macrophages is quite controversial with non-consistent data 
regarding their effect as anti-inflammatory or pro-inflammatory 
inductor on the different stages of macrophages [63]. Some authors 
point out iron supplementation in vivo led to M1 polarization and TNF-α 
secretion of resting macrophages through the increased expression of 
mitogen-activated protein kinase (MAPK) [64]. On the other hand, other 
authors have pointed out that M1 macrophages subjected to an in vitro 
iron stimulation at a concentration of 25 µg mL− 1 decreased the 
expression of IL-6, IL-1β and TNF-α [65]. In this work, for the first time 
we reported that macrophages treated with low concentrations of iron 
oxide nanoparticles behave differently depending on the polarization 
stage independently of the concentration of iron. This fact may be 
related to the different roles in iron homeostasis of macrophages 
depending on the polarization stage. It has been reported that M1 
macrophages tend to accumulate iron inside the cells to act as a bacte
riostatic element by increasing the expression of ferritin, however, M2 
macrophages are characterized by iron secretion [66]. This ability of M1 
macrophages to retain iron inside the cells could explain the increase in 
TNF-α production observed in M1 treated macrophages even with low 
nanoparticle concentration. Moreover, we also found this effect is 
related to particle size and morphology since the inclusion of IL-4 in the 
nanoparticles was able to significantly reduce the secretion of TNF-α 
only for SC nanoparticles. 

3.3.3. Magnetotransfection with IL-4 modified MNPs 
As a step forward on analyzing the response of macrophages to iron 

oxide nanoparticles we took advantage of the capacity of these nano
particles to respond to magnetic fields. M1 macrophages were magne
totransfected with SC and MC at two concentrations, the one previously 
used, equivalent to IL-4 concentration 20 ng mL− 1, and the double 
equivalent IL-4 concentration 40 ng mL− 1. As shown in supplementary 
Fig. 1S, the presence of the magnet itself increased the secretion of pro- 
inflammatory cytokines. The ability of macrophages to respond to 
magnetic fields has been previously reported being able to control cell 
elongation and polarization [67]. In this scenario, the treatment with IL- 
4 at 20 ng mL− 1 either alone or loaded into the nanoparticles did not 
produce any effect on the cytokine secretion (Fig. 9A). However, the 
treatment of the cells with both SC and MC led to an increase expression 
in M-CSF and TNF-α suggesting further activation of the cells. On the 
other hand, when the concentration was increased the treatment with 

Fig. 7. A) Cell viability of un-stimulated macrophages after 24 h of treatment with single (0.26 µg mL− 1 of iron) or multi-core nanoparticles (0.28 µg mL− 1 of iron); 
B) Cytokine secretion of un-stimulate cells treated with the iron oxide nanoparticles at the same concentration. CT stands for control, SC stands for single core, MC 
stands for multicore. * Denotes statistically significant values compared to control p < 0.05. 
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IL-4 efficiently decreased the secretion of the pro-inflammatory cytokine 
TNF-α obtaining a similar result for SCIL-4 treated cells. On the contrary 
the treatment with SC, MC and MCIL-4 led to a further increase in M-CSF 
and TNF-α. These data corroborate the hypothesis that the cell behavior 
to iron nanoparticles is dependent on the morphology and shape of the 
nanoparticles and on the activation stage of the cells. In agreement with 
this, some authors have stated that bigger iron oxide nanoparticles (≈
30 nm) are able to induce a higher responses to macrophages than 
smaller ones (≈ 10 nm) increasing the secretion of TNF-α and IL-6 in 
naïve macrophages [68]. Conversely, Chen and coworkers found that 

small SPIONs (≈ 30 nm) led to higher IL-1β secretion than higher ones 
(≈ 120 nm) in both naïve macrophages and M1 macrophages [69]. On 
the other hand, other authors state the treatment of THP 1-derived 
macrophages with SPIONS of around 80 nm at 20 and 50 µM Fe did 
not change the cytokine profile of naïve macrophages [70]. Taking 
together, the data available in the literature is not consistent for either 
nanoparticle size and concentration. These results could be explained by 
the different stage of the macrophages that has been proven to condition 
cell response. 

Considering the relevance of macrophages on tissue homeostasis and 
tumor control, designing nanoparticles able to exert the desired effect on 
the macrophages is crucial. This step would need to consider the po
larization stage of the cells as it will condition the therapeutic response. 
Based on the obtained data, SCIL-4 MNPs without magnetotransfection 
seem the best ones for tissue regeneration purposes while MCIL-4 MNPs 
seem to be more promising for tumor control. 

4. Conclusions 

Citrate coated single-core and multi-core iron oxide nanoparticles 
were successfully loaded with IL-4 through chemical bonding. The 
absence of toxicity was corroborated by treating THP-1 derived mac
rophages with the mentioned nanoparticles. A lack of cell response was 
observed after the treatment of un-polarized macrophages (M0) with 
single-core and multi-core iron oxide nanoparticles. However, the 
treatment of INF- γ stimulated macrophages (M1) with the same con
centration of iron oxide nanoparticles, induces a pro-inflammatory 
response in the case of multi-core NPs. Therefore, in this work, for the 
first time we reported that macrophages treated with low concentrations 
of iron oxide nanoparticles behave differently depending on the polar
ization stage independently of the concentration of iron. Furthermore, 
the size and morphology of the nanoparticles determines the effect of the 
IL-4 loaded MNPs on M1 macrophages. The studied IL-4 loaded SC MNPs 
favored the polarization of M1 macrophages towards M2 phenotype, 
while IL-4 loaded MC MNPs further stimulated the M1 phenotype. 
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Fig. 8. A) Cell viability of stimulated macrophages after 24 h of treatment with single (0.26 µg mL− 1 of iron) or multi-core nanoparticles (0.28 µg mL− 1 of iron) un- 
loaded or including IL-4 at an equivalent IL-4 concentration of 20 ng mL− 1; B) Cytokine secretion of stimulate cells treated with the iron oxide nanoparticles at the 
same concentration. CT stands for control, SC stands for single core, MC stands for multicore. & Denotes statistically significant values compared to cells treated with 
single core nanoparticles (SC); # Denotes statistically significant values compared to cells treated with IL-4 loaded single core nanoparticles (SCIL-4) p < 0.05. 

Fig. 9. A) Cytokine secretion of stimulate cells treated with the iron oxide 
nanoparticles at the same concentration after 24 h of treatment with single 
(0.26 µg mL− 1 of iron) or multi-core nanoparticles (0.28 µg mL− 1 of iron) un- 
loaded or including IL-4 at an equivalent IL-4 concentration of 20 ng mL− 1; 
B) Cytokine secretion of stimulate cells treated with the iron oxide nano
particles at the same concentration after 24 h of treatment with single (0.52 µg 
mL− 1 of iron) or multi-core nanoparticles (0.56 µg mL− 1 of iron) un-loaded or 
including IL-4 at an equivalent IL-4 concentration of 40 ng mL− 1. * Denotes 
statistically significant values compared to cells treated with IL-4; & Denotes 
statistically significant values compared to cells treated with single core 
nanoparticles (SC); # Denotes statistically significant values compared to cells 
treated with IL-4 loaded single core nanoparticles (SCIL-4); $ Denotes statisti
cally significant values compared to cells treated with multi core nanoparticles 
(MC) p < 0.05. 
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