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Breast cancer is the most commonly diagnosed type of cancer among the female population worldwide. It is a
disease with a high incidence and geographic distribution that negatively impacts global public health and
deleteriously affect the quality of life of cancer patients. Among the new approaches, cancer immunotherapy is

g{‘;‘z‘l};"ir;szulatmn the most promising trend in oncology by stimulating the host’s own immune system to efficiently destroy cancer
Tumorpmifmenvimnmem cells. Recent evidence has indicated that iron oxide nanoparticles can promote the reprograming of M2 into M1
3D models macrophages with anti-tumor effects in the tumor microenvironment. Thus, the aim of the present work was to

evaluate the ability of polyaniline-coated maghemite (Pani/y-Fe;O3) nanoparticles to modulate human macro-
phages in 2D monolayers and 3D multicellular breast cancer models. It was observed that Pani/y-Fe3O3 NPs re-
educated IL-10-stimulated macrophages towards a pro-inflammatory profile, decreasing the proportion of
CD163" and increasing the CD86™ proportion in 2D models. NPs were successfully taken-up by macrophages
presented in the 3D model and were also able to induce an increasing in their CD86" proportion in triple MCTs
model. Overall, our findings open new perspectives on the use of Pani/y-Fe;O3 NPs as an immunomodulatory
therapy for macrophage reprogramming towards an anti-tumor M1 phenotype, providing a new tool for breast
cancer immunotherapies.

1. Introduction treatment of breast cancer must be established to reduce related deaths,

promoting breast health and ensuring access to quality care.

Breast cancer is the most diagnosed cancer among woman popula-
tion worldwide. It is a disease with a high incidence and geographic
distribution, which has a negative impact on global public health by
causing physical, socioeconomic and psychological issues, as well as
negatively interfering in patients’ quality of life (Wild et al., 2020). In
2021, breast cancer has overtaken lung cancer as the world’s mostly
commonly-diagnosed cancer, according to the International Agency for
Research on Cancer (IARC) (Ferlay et al., 2021; Gao and Swain, 2018).
Thus, new initiatives and strategies focused on the prevention and

Although conventional treatments are very successful in destroying
tumor cells, they often destroy healthy cells causing a severe decrease in
patient’s quality of life (Lukianova-Hleb et al., 2016). In addition, cur-
rent radio- and chemotherapies are not able to eliminate the critical
cancer stem cells, which are protected by specific resistance mecha-
nisms, causing new tumors and metastases more malignant, with fast
spreading and resistant to radiotherapy and previously used drugs
(Vinogradov and Wei, 2012). The tumor microenvironment (TME) is
increasingly recognized as a key player in tumor progression and as a

* Corresponding author at: Nanomedicine and Translational Drug Delivery Group Leader, i3S- Instituto de Investigacao e Inovacao em Satde, Universidade do

Porto, Rua Alfredo Allen, 208, 4200-135 Porto, Portugal.
E-mail address: bruno.sarmento@i3s.up.pt (B. Sarmento).
1 Equally contributing second authors.

https://doi.org/10.1016/j.ijpharm.2023.122866

Received 29 November 2022; Received in revised form 3 February 2023; Accepted 14 March 2023

Available online 18 March 2023

0378-5173/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:bruno.sarmento@i3s.up.pt
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2023.122866
https://doi.org/10.1016/j.ijpharm.2023.122866
https://doi.org/10.1016/j.ijpharm.2023.122866
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2023.122866&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Nascimento et al.

promising therapeutic target in breast cancer. There is increasing
research in exploring and manipulating the leukocytes of the TME for
breast cancer treatment by immunotherapy (Emens, 2018). This alter-
native treatment is focused on modulating the patient’s immune system
to identify and fight against cancer. In particular, macrophages, also
called tumor-associated macrophages (TAMs), have aroused great in-
terest in recent years as a therapeutic target because they represent a
large part of the cellular component of the TME and they can orchestrate
an immunosuppressive and pro-tumor microenvironment (Linde et al.,
2018).

Macrophages are highly functional plastic cells that constantly
change their phenotypic from M2 to M1 in response to tumor environ-
mental stimuli. In the TME, macrophage polarization is regulated by
multiple cytokines, chemokines, growth factors and other signals
derived from tumor and stromal cells (Murray, 2017). M1 macrophages
stimulate the development of the T-helper type 1 (Th1l) response and
produce TNF-q, IL-1f, IL-12, which are pro-inflammatory cytokines, in
addition to reactive oxygen species (ROS) and nitrogen (RNS) (Curren
Smith, 2015). Such molecules produced by M1 macrophages are highly
toxic and are crucial for host defense and for the destruction of tumor
cells (Mantovani et al., 2017). M2 macrophages are induced by IL-4 and
IL-13 and stimulate the development of Th2 response with high pro-
duction of IL-10, TGF-f, chemokines contributing for the immunosup-
pressive microenvironment maintenance. They are identified by their
signature expression of arginase-1, mannose (MMR, CD206), and scav-
enger receptors (Biswas and Mantovani, 2012; Mantovani et al., 2004).
M2 macrophages contribute to attenuating inflammation and promote
wound healing, angiogenesis, tissue remodeling and tumor progression
(Biswas and Mantovani, 2010).

Due to macrophage plasticity, targeting M2 macrophages to repo-
larize in the M1 phenotype can be a promising cancer immunotherapy
(Furgiuele et al., 2022). Cancer immunotherapy based on the use of iron
oxide nanoparticles (IONPs) for macrophage reprogramming is a new
strategy that stimulates the host’s immune system to destroy cancer cells
(Lee Ventola, 2017). Macrophages play an essential role in iron ho-
meostasis and immune defense (Vinchi, 2018). Studies have shown that
more than 60% of genes related to iron metabolism, including the dif-
ferential expression of iron uptake, storage and release, occur between
the two final stages of macrophage polarization (Recalcati et al., 2010).
M1 macrophages have high levels of the protein ferritin (iron storage)
and low levels of the protein ferroportin (iron export) and heme
oxygenase-1 (HO-1), which favors a phenotype of intracellular iron
sequestration and storage. This leads to enhance of the M1-like effector
functions, such as increased pro-inflammatory expression of TNF-a and
suppression of the expression of the anti-inflammatory cytokine, IL-10
(Cronin et al., 2019; Fritsche et al., 2008; Jung et al., 2019; Mulero
et al., 2002). M2 macrophages exhibit the iron export phenotype, with
increased of CD163 and heme oxygenase-1 expression, as well as high
levels ferroportin expression and decreased ferritin expression (Recal-
cati et al., 2019). In the context of the TME, M2-like TAMs are “iron
releasers” and support tumor growth and establishment, while M1-like
are “iron retainers”, being responsible for limiting tumor progression
(Jung et al., 2019). Then, the alteration of macrophage phenotype
through iron metabolism becomes a suitable tool for cancer treatment
(Cronin et al., 2019; Jung et al., 2017).

Studies have shown that IONPs can act directly on the activation of
TAMs, leading to the destruction of tumor cells and/or as vehicles for
immunomodulatory agents, driving the modulation of the TME and
increasing antitumor activity. In 2013, Laskar and collaborators (Laskar
et al., 2013) showed that IONPs can induce a phenotypic shift in M2
macrophages to a subtype of M1 macrophages (Laskar et al., 2013). In
2016, Zanganeh and collaborators (Zanganeh et al., 2016), demon-
strated that treatment with magnetite nanoparticles encapsulated with
carboxymethyl dextran inhibited the growth of breast cancer cells
(Zanganeh et al., 2016). The antitumor effect was attributed to the fact
that IONPs induced macrophage polarization to M1 phenotype, which
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produced high levels of TNF-a and ROS (Zanganeh et al., 2016). In
another study, Da Silva et al. (Costa da Silva et al., 2017) showed
through in vitro and in vivo experiments that TAMs exposed to cross-
linked iron oxide (CLIO)-FITC nanoparticles were converted into pro-
inflammatory macrophages able of destroying cancer cells (Costa da
Silva et al., 2017). The accumulation of iron ions in macrophages
increased intracellular iron levels, promoting the pro-inflammatory
phenotype (Costa da Silva et al., 2017). Zhang et al., (Zhang et al.,
2020) evaluated whether IONPs with different charges have impact on
reprogramming TAMs. Macrophages treated with positively charged
IONPs and negatively charged IONPs significantly induced tumor
retardation, indicating successful repolarization of tumor macrophages
(Zhang et al., 2020). Unlike other studies that considered nanoparticles
only as an antitumor drug vehicle, these studies suggest that the mod-
ulation of TAMs functions by IONPs could be an important tool for
breast cancer immunotherapy.

In most studies, in vitro screening of antitumor therapeutic com-
pounds is performed in 2D models. This approach has several strengths
and has in the past contributed significantly to increase our knowledge
of tumor biology. However, assays related to the repolarizing effect of a
compound on macrophages as a therapeutic effect in the context of
cancer cannot be adequately studied in 2D models, since they do not
take into account the complexity and heterogeneity of clinical tumors
(Madsen et al., 2021; Zanoni et al., 2016). Three-dimensional (3D)
culture models such as multicellular spheroids (MCTS), have been pro-
posed as an alternative approach for the evaluation of the real thera-
peutic potential of nanomedicines. MCTS models are indeed able of
recapitulating some key features of solid tumors, thus representing a
valuable tool for a more accurate preclinical screening of nanomedicines
(Lazzari et al., 2017). Therefore, the aim of the present work was to
evaluate the ability of polyaniline-coated maghemite (Pani/y-FepO3)
nanoparticles to modulate human macrophages in 2D monolayers and
3D multicellular breast cancer models towards an immunostimulatory

Kk

profile.*
2. Material and methods

2.1. Polyaniline-coated maghemite nanoparticles (Pani/y-Fe303 NPs)
preparation and characterization.

Polyaniline-coated maghemite nanoparticles (Pani/y-Fe;O3) nano-
particles were prepared by co-precipitation method as previously
described (da Silva et al., 2019). First, the y-Fe;O3 nanoparticles were
produced through a chemical co-precipitation method and, subse-
quently, coated with the conducting polymer via chemical emulsion
polymerization of the aniline monomer. Initially, 50 mL of two sources
of iron (1 M FeCly-4H,0 and 2 M FeCl3-6H20 in aqueous solution) were
added to a 250 mL round-bottom flask, and the mixture kept under
strong magnetic stirring for 10 min. Subsequently, was added 125 mL of
a 1:1 aqueous NH4OH solution. After allowing the reaction to proceed
for 2 h, the y-Fe3O3 nanoparticles were confined to the bottom of the
tube with the help of a magnet and washed with ultrapure water for the
removal of impurities. The product was dried in an oven at 50 °C for 48 h
and grounded in a mortar.

For the envelopment of the iron oxide nanoparticles by Pani chains,
was added 100 mL of a 0.1 M hydrochloric acid (HCI) solution to a round
bottom flask, which was placed under magnetic stirring. Then, sodium
dodecyl sulfate (SDS) and y-Fe;Os nanoparticles were consecutively
added to the flask and allowed to disperse for 5 min, before 136 pL of the
aniline monomer was added to the flask. For complete polymerization,
40 mg of ammonium persulfate (APS) was dissolved in 20 mL of a 0.1 M
HCI solution and added to the flask, which was stirred for 24 h. The
resulting material was washed three times with methanol and, subse-
quently, three times with ultrapure water. Finally, Pani/y-Fe;O3 nano-
particles was dried in an oven at 50 °C for 24 h and grounded in a
mortar.
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To be used in in vitro assays, nanoparticles were suspended in type I
water at a concentration of 3 mg/mL and subjected to a sterilization
procedure at 121 °C, 1 atm for 18 min. After the sterilization the
nanoparticles were characterized according with the next topics.

The presence of endotoxins in iron oxide nanoparticles can promote
the polarization of macrophages from the M2-like phenotype to M1-like.
Therefore, endotoxin levels in nanoparticles were quantified using the
Pierce™ LAL (Limulus Amebocyte Lysate) Chromogenic Endotoxin
Quantitation kit (Thermo Scientific), according to the manufacturer’s
protocol. Initially, a standard curve was prepared with concentrations of
1, 0.5; 0.25 and 0.1 EU/mL endotoxin. For the procedure, half area
microplates (Corning) were placed in a dry bath (Fisher Scientific) for
10 min at 37 °C. Then, 25 pL of each standard and Pani/y-Fe2O3 nano-
particles at concentrations of 0.001; 0.01 and 0.1 mg/mL were added to
wells of the plate in triplicate, the plates were sealed and incubated for 5
min at 37 °C. After the incubation, 25 pL of limulus amebocyte lysate
was added to each well, the plates were resealed, shaken for 10 min and
incubated for 10 min at 37 °C. Then, 50 pL of substrate solution was
added to each well, the plates were sealed, gently shaken for 10 min and
incubated for more 10 min at 37 °C. Finally, 25 pL of stop solution was
added to each well, the plates were sealed and gently shaken for 10 min.
Standard endotoxin and nanoparticles were prepared by dilution in
endotoxin-free water. The reading was performed at 410 nm on a
Spectramax 340pc plate reader (Molecular Devices).

Pani/y-Fe;O3 nanoparticles were characterized in terms of their
morphology and size by transmission electron mic maghemite copy
(Tecnai Spirit G2). Nanoparticles average size was calculated by the
average of two diameters measurements per nanoparticle, evaluated in
at 300 different particles using ImageJ 1.43 software. The hydrody-
namic size, polydispersion index and zeta potential were analyzed by
dynamic light scattering (DLS) in Litesizer™ 500 (Anton Paar). The
functional groups present in Pani/y-FeoO3 nanoparticles were investi-
gated by using the Fourier transform infrared spectroscopy (FTIR)
in FTIR-8400S (Shimadzu). The samples were prepared with potassium
bromide pellet (KBr) and the spectra were obtained in the range of 4000
to 400 cm 2.

2.2. Ethics statement

Human samples were obtained in agreement with the principles of
the Declaration of Helsinki. Monocytes were isolated from surplus buffy
coats from healthy blood donors, kindly provided by the Immunohe-
motherapy Department of Centro Hospitalar Universitdrio Sao Joao
(CHUSJ), Porto, Portugal. Procedures were approved by the Centro
Hospitalar Universitario Sao Joao Ethics Committee (protocol 90/19).

2.3. Cells and culturing

MCF-7 human breast cancer cells were kindly provided by Dr. Mer-
iem Lamghari (i3S, Porto, Portugal). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco),
supplemented with 10% of heat inactivated fetal bovine serum (FBS),
penicillin (100 IU/mL) and streptomycin (100 mg/mL), and incubated
in 5% CO, and 95% relative humidity at 37 °C. Human mammary
fibroblast (hMF) were kindly provided by Dr. Silvia Bidarra (i3S, Porto,
Portugal). Cells were cultured in DMEM High Glucose with UltraGlut-
amine (Lonza), supplemented with 10% of heat inactivated FBS (Gibco),
penicillin (100 IU/mL) and streptomycin (100 mg/mL) (Sigma), and
incubated in 5% CO3 and 95% relative humidity at 37 °C. Human
monocytes were isolated from buffy coats from healthy blood donors
using RosetteSep-Human Monocyte Enrichment Cocktail kit (StemCell
Technologies), according to manufacturer’s instructions. Monocytes
were cultivated in RPMI (Gibco) supplemented with 10% of heat inac-
tivated FBS Premium (South America) (Biowest), penicillin (100 IU/mL)
and streptomycin (100 mg/mL), and incubated in 5% CO- at 37 °C. For
monocyte differentiation to macrophage, monocytes were incubated for
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10 days in RPMI supplemented with 10% of heat inactivated FBS Pre-
mium (South America) (Biowest), penicillin (100 IU/mL) and strepto-
mycin (100 mg/mL), and incubated in 5% CO, and 95% relative
humidity at 37 °C.

2.4. Nanoparticles biocompatibility in 2D

The biocompatibility of the Pani/y-Fe,O3 nanoparticles in MCF-7,
hMF, monocytes and macrophages was measured by a resazurin assay.
For MCF-7, hMF and monocytes 1 x 10* cells per well were seeded in 96-
well plates and allowed to attach overnight. After that, the medium was
removed and concentrations ranging from 50 to 400 pg/mL of Pani/
y-FeoO3 nanoparticles suspension in complete medium (300 pL) were
added to the cells and incubated for 24 h and 72 h, at 37 °C under 5%
CO,. At each time-point, the medium was removed and 300 pL of
resazurin 10% (v/v) in complete media were added to each well and
incubated for 2 h at 37 °C in the dark.

To assess the biocompatibility of the macrophages, 2 x 10°> mono-
cytes per well were seeded in 24-well plate with cover slips in complete
RPMI medium and incubated for 10 days in 5% CO5 at 37 °C to allow the
differentiation into macrophages. After, cells were treated in the same
manner as MCF-7, monocytes and hMF.

All data was normalized related to the control without treatment
(complete medium), which was considered 100% viability. Fluorescence
was measured at the excitation and emission wavelengths of 530 nm and
590 nm, respectively, using a SynergyMx™ MultiMode Microplate
Reader (BioTek™, USA). All samples were done in triplicate.

2.5. Macrophage polarization in 2D cultures and profile evaluation

For monocyte-macrophage differentiation, 2 x 10° cells were
cultured in 24-wells plate with cover slips for 10 days in complete
RPMI1640 medium. For M1 and M2 macrophages (polarization con-
trols), macrophages were incubated with 10 ng/mL LPS (Sigma-Aldrich)
or IL-10 (ImmunotoTools), respectively, for 72 h. Unstimulated macro-
phages were used as controls. For the treatment, Pani/y-Fe;O3 nano-
particles (50 pg/mL) were added to IL-10-stimulated macrophages after
4 h of IL-10 stimulation follow by 72 h of incubation. In addition, Pani/
y-FeoO3 NPs (50 ug/mL) were added to macrophages without IL-10 and
LPS stimulation for 72 h.

For cell surface receptor expression analysis, macrophages were
incubated with Accutase (eBioscience) at 37 °C during 30 min and
harvested by gently scrapping. Cells were washed and resuspended in
FACS buffer (PBS, 2% FBS (Biowest), 0.01% sodium azide) containing
appropriate conjugated antibodies, and stained in the dark for 40 min at
4 °C. Macrophages were immunostained with the antibodies anti-human
CD14-APC (1:25) (Immunotools, clone BU63), anti-CD86 (1:25)
(Immunotools, clone BU63) and anti-CD163 (1:10) (BD Biosciences,
clone GHI/61). After additional washing steps, cells were acquired on a
Accuri Flow Cytometer (BD Biosciences). All data was processed with
FlowJo software (Tree Star, Inc.).

2.6. Multicellular tumor spheroids (MCTS) formation

MCTS were formed as previously established in the group (unpub-
lished data) using commercially available micro-molds (3D Petri Dish®,
from MicroTissues Inc.). First, agarose (2%, w/v) was dissolved in NaCl
(0.9%, w/v) solution and casted into micro-molds to form molds with 81
wells. Next, the molds were placed in 12-well plates and RPMI media (2
mL) was added to each well to equilibrate the molds for 24 h. After-
wards, cells suspension, corresponding to 5000 total cells per MCTS
(190 pL), were added to the molds and allowed to settle for 30 min
before adding media (2 mL) to each well. MCTS were produced in
double culture (MCF-7 and monocytes) and triple culture (MCF-7, hMF
and monocytes), keeping the total number of cells per MCTS at 5000
cells, ratio 1:2 for double culture (MCF-7: Monocytes) and ratio 1:2:1 for
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triple culture (MCF-7: Monocytes: hMF). Then, the plate was incubated
at 37 °C and 5% CO for 7 days.

2.7. Multicellular tumor spheroids characterization

After 7 days of incubation, double and triple MCTS were character-
ized by size, cell metabolic activity and histological analysis. The images
were taken using a Brightfield microscopy (ZOE™ Fluorescent Cell
Imager, Bio-Rad Laboratories). The average size of each condition was
calculated by performing the average of two diameters measurements
per MCTS, evaluated in at least five different MCTS using ImageJ 1.43
software.

The metabolic activity of MCTS was measured by resazurin assay.
Briefly, RPMI containing 20% resazurin (v/v) was added to each well
containing one micro-molds with 81 MCTS and incubated in the dark at
37 °C for 2 h. After incubation, the media was transferred to a 96-well
black plates, and the fluorescence was measured at the excitation and
emission wavelengths of 530 nm and 590 nm, respectively, using a
SynergyMx™ MultiMode Microplate Reader (BioTek™).

For histological analysis, the media was removed from the wells and
MCTS were fixed in 4% of Paraformaldehyde (PFA). Afterwards, the
molds were washed three times with PBS and agarose 1% (w/v) was
added to the top of each mold to fix spheroids into the molds. The molds
were then embedded in paraffin using an automated embedding system
(Thermo Scientific™ STP 120 Spin Tissue Processor). Paraffin
embedded samples were sectioned into 3 pm sections, deparaffinized in
xylene and rehydrated in graded alcohol series. Staining was performed
with Hematoxylin and Eosin.

2.8. Nanoparticles biocompatibility on 3D MCTS

The biocompatibility of Pani/y-Fe;O3 NPs on MCTS was evaluated by
resazurin assay. First, double and triple culture MCTS were cultured for
7 days in 12-well plates, as described above. After 7 days of incubation,
ranging from 50 to 400 pg/mL of Pani/y-Fe,O3 nanoparticles suspension
in complete medium (2 mL) were added to the cells and incubated at
37 °C for 72 h. After incubation, the medium was removed and 2 mL of
20% resazurin (v/v) was added to each well and incubated in the dark at
37 °C for 2 h. Then, the media was transferred to a 96-well black plates,
and the fluorescence was measured fluorescence was measured as
described in topic 2.4.

2.9. 3D cellular interaction with Pani/y-Fe;03 nanoparticles

Double and triple culture MCTS were cultured for 7 days in 12-well
plates, as described above. At day 7, the spheroids were treated with 0.1
mg/mL of Pani/y-Fe3O3 NPs for 72 h and then collected from the wells to
15 mL tubes. For the ultrastructure analysis, cells were fixed in a solu-
tion of 2.5% glutaraldehyde with 2% formaldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 1 h, at RT, and post fixed in 1% osmium
tetroxide diluted in 0.1 M sodium cacodylate buffer. After -
centrifugation, the pellet was resuspended in Histogel™ (Thermo, HG-
4000-012) and then stained with aqueous 1% uranyl acetated solution
overnight, dehydrated and embedded in Embed-812 resin. Ultra-thin
sections (50 nm thickness) were cut on a RMC Ultramicrotome (Pow-
erTome, USA) using Diatome diamond knifes, mounted on mesh copper
grids, and stained with uranyl acetate substitute and lead citrate for 5
min each. Samples were viewed on a JEOL JEM 1400 transmission
electron microscope (JEOL, Tokyo, Japan) and images were digitally
recorded using a CCD digital camera Orius 1100 W (Tokyo, Japan). The
transmission electronic microscopy was performed at the HEMS core
facility at i3S, University of Porto, Portugal.

2.10. Macrophage polarization on 3D model

Double and triple MCTS were cultured for 7 days in 12-well plates.
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After that, the medium was removed from the wells and the cells were
treated as described below. For M1 and M2 macrophage polarization
controls, MCTS molds were incubated with 10 ng/mL LPS (Sigma-
Aldrich) or IL-10 (ImmunotoTools), respectively, for 72 h. For treatment
evaluation, Pani/y-Fe;O3 nanoparticles (100 pg/mL) were added to
macrophages stimulated with IL-10 after 4 h, for an additional 72 h.
Pani/y-Fe;03 nanoparticles (100 pg/mL) were added to macrophages
for 72 h, and controls were left unstimulated. After, MCTS (81 spheroids
per sample) were collected to 15 mL Falcon tube, dissociated to single
cell suspension using warm Versene solution (Gibco) for 10 min at 37 °C
and warm Accutase solution (eBioscience) for 5 min at 37 °C until a
homogeneous single cell suspension was observed. The cells were
washed twice with PBS containing 2% of FBS and resuspended and
transferred to a round-bottom 96 well plate. Next, cells were resus-
pended in a solution of PBS containing 2% of FBS with anti-CD14 (1:25)
(Immunotools, clone MEM-18), anti-CD86 (1:25) (Immunotools, clone
BU63) and anti-CD163 (1:10) (BD Biosciences, clone GHI/61); anti-
bodies and incubated (40 min, 4 °C) in the dark. After first incubation,
cells were washed twice with PBS containing 2% FBS and resuspend in
Fixable Viability Dye eFluor™ 780 (1:10000) (Invitrogen™, eBio-
science) solution follow by incubation for more 30 min at 4 °C in the
dark. The samples were washed twice using PBS containing 2% of FBS
and resuspend in 1% PFA in PBS containing 2% of FBS. Samples were
analyzed with BD FACSCanto™ II flow cytometer (BD Biosciences). All
data was processed with FlowJo software (Tree Star, Inc.).

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 6.04 (GraphPad Software). Results are expressed as mean +
standard deviation (s.d.) of at least three independent experiments. Data
normality was previously evaluated using the Shapiro-Wilk test. For
Gaussian distribution, the ANOVA test was used followed by Dunnett’s
post-hoc test. Level of significance set at probabilities of *p < 0.05.

3. Results
3.1. Pani/y-Fe;03 nanoparticles characterization

Pani/y-Fe303 nanoparticles TEM micrographs and the corresponding
particle size distribution histogram are shown in Fig. l1a-b. From the
TEM images (Fig. 1A) it was possible to observe two distinct regions in
the material: a darker one, corresponding to a y-Fe;O3 core surrounded
by a second clearer region associated to the Pani chains. Thus, the
morphological images confirm the conclusion derived from the FTIR
analyses, that a shell of conducting polymer chains indeed coats the
y-FeoO3 core. The size distribution histogram obtained from TEM
(Fig. 1B) and DLS measurements revealed that the composite nano-
particles had an average diameter of 37.87 + 6.48 nm and clusters hy-
drodynamic size of 442.78 + 145.99 nm, polydispersity index 0.4 +
0.08 and zeta potential of —24.81 + 0.38 mV. The results showed that
Pani/y-FeyO3 particles have nanoscale dimensions, but they tend to
agglomerate and form clusters.

Further, it was performed a FTIR analysis to assess the incorporation
of Pani chains in y-Fe;O3 nanoparticles (Fig. 1C). For the polymer Pani,
the characteristic peaks are observed at 2925 cm ™! and 2856 cm ™},
which can be attributed to the C-Hy bond, symmetrical and asymmet-
rical elongation, respectively, of the alkyl substituent of the surfactant
used in the polymerization reaction, indicating the presence of the
polymer (Alves et al., 2012; Sydulu Singu et al., 2011). In the region
between 1585 cm ! and 1498 cm 1 it is possible to identify the vibra-
tions of stretching C=N and C=C of quinoid and benzene rings, and
between 790 and 800 cm ™! a peak related to the CH bond of the aro-
matic ring (Wu et al., 2008; Khan et al., 2010). In addition, it was
verified the presence of two peaks at 3858 and 3751 cm™! characteris-
tics of the vibration of NH bond of primary amines, that results in a split
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Fig. 1. Characterization of Pani/y-Fe;O3 nanoparticles. a) TEM micrographs of Pani/y-Fe;O3 nanoparticles clusters; b) Mean size distribution histogram of 300
aleatory nanoparticles in different clusters counted in image J software.; ¢) FTIR spectra of Pani/y-Fe,O3 nanoparticles. We indicate the peaks that are most relevant

to our discussion; d) Endotoxin levels in Pani/y-Fe,O3 nanoparticles.

in the region between 1560 and 1640 cm™!. These peaks are strongly
present in the polymer of polyaniline. It was also observed at 1306 cm™*
peak that can be attributed to the CN amine elongation (Sydulu Singu
et al.,, 2011; Rajendran et al., 2017; Silverstein, 2005; Sim et al., 2015).
The peaks between the regions of 3400-3300 cm ™! refer to the OH
groups present on the surface of the particles and the three descending
peaks in the region between 3610 and 3640 cm ™! can be associated with
the presence of free OH, since the nanoparticles are suspended in water
(Silverstein, 2005). The characteristic peak of the F-O bond between the
region of 600 cm ™! and 440 cm ™! was also observed, associated with the
intrinsic vibration of the tetrahedral and octahedral sites of the iron
oxide crystal (da Silva et al., 2019).

Regarding endotoxin levels, it was observed that Pani/y-Fe;O3 do not
present significant amounts of endotoxin for all analyzed concentra-
tions, indicating that Pani/y-FeoO3 can be used for macrophage
reprograming studies (Fig. 1D).

3.2. Biocompatibility of Pani/y-Fe;O3 nanoparticles

To access the biocompatibility of the developed Pani/y-FesOs
nanoparticles, the cytotoxicity was evaluated in 2D monolayers and
MCTS models by resazurin assay. The monolayers were constituted of
MCF-7, hMF, monocytes and macrophages cells after at 24 h and 72 h of

incubation. For cytotoxicity analysis we considered the ISO 10993-1100
that discuss about biological evaluation of medical devices for in vitro
cytotoxicity tests and establish that only reduction of cell viability by
more than 30% is considered a cytotoxic effect.

After 24 h of treatment, Pani/y-Fe;O3 nanoparticles were biocom-
patible for hMF, monocytes e macrophages to all tested concentrations.
For MCF-7 cell line, it was observed that nanoparticles did not produ-
ce cytotoxicity effect up to 50 ug/mL, while the higher concentrations
significantly reduced the cell viability. Regarding 72 h of culture, the
results showed that nanoparticles have safety profile up to 50 pg/mL for
MCF-7 and monocytes, up to 400 ug/mL for fibroblasts and up to 100
pg/mL for macrophages. Therefore, the nanoparticle concentration of
50 pg/mL was selected for its safety for reprograming macrophage ex-
periments in 2D monolayers.

Regarding the studies of nanoparticle biocompatibility using MCTS
models, the results showed that Pani/y-Fe;O3 nanoparticles were not
able to induce a reduction of the cell viability in all concentrations
evaluated for double MCTS (Fig. 2). However, Pani/y-Fe;O3 nano-
particles have successfully reduced the cell viability of the triple co-
culture MCTS. After 72 h of culture, nanoparticles induced an inhibi-
tion effect in the concentrations of 100, 200 e 400 pg/mL able of
reducing the cell viability by 28 %, 48 % and 33 %, however without
statistical significance (ANOVA; p < 0.05). The results shown a
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significant reduction in cell viability after the incubation with 100 pg/
mL of NPs, but the reduction observed was less than 30%. Thus, the
nanoparticle concentration of 100 pg/mL was established for reprog-
raming macrophage experiments in 3D multicellular models. Overall,
the enhanced cytotoxic effect of Pani/y-Fe;Os in triple MCTS comparing
to double MCTS may be due to difference in the cellular composition of
the MCTs, which can result from different cell-nanoparticles
interactions.

3.3. Pani/y-Fe503 nanoparticles inhibit M2 polarization in 2D models

TAMs represent the major component of many solid tumors and
these cells frequently have associated pro-tumoral functions and are
functionally similar to M2-like macrophages. Therapies favoring a pro-
inflammatory profile M1 might improve conventional anticancer ther-
apies (Genard et al., 2017).

To determine if Pani/y-Fe;O3 nanoparticles have the ability to
inhibit M2 polarization and to promote M1 polarization, nanoparticles
were added to IL-10-stimulated macrophages and the surface expression
of CD86 (M1-like marker) and CD163 (M2-like marker), were evaluated
by flow cytometry (Fig. S1; Fig. 3A-C). The resulting adherent cell
population predominantly expresses CD14, however it was observed
that the treatment with LPS increase the number and mean fluorescent
intensity (MFI) of CD14 " cells and the treatment with IL-10 just increase
the expression intensity do CD14" cells, as was already outlined in
earlier work (Fig. 3C) (Sandanger et al., 2009; Rahimi et al., 2005). As
expected, IL-10 stimulation significantly increased the percentage of
CD163" cells and the treatment with Pani/y-Fe,O3 nanoparticles
showed a strong effect in the reduction of percentage of CD163™" cells,
suggesting that nanoparticles can prevent macrophage M2-like

polarization by IL-10 in 2D cultures (Fig. 3B and 3C). In accordance with
that result, it was also observed that Pani/y-Fe;O3 nanoparticles reduced
the percentage of CD163" macrophages in cultures treated only with
nanoparticles in relation unstimulated control group (Fig. 3C). The
number of CD86" macrophages also was affected by nanoparticles
treatment, but not enough to generate statistical significance, an in-
crease of about 8% in the percentage of CD86" was observed after the
treatment in IL-10-stimulated macrophages (Fig. 3C). Contrary to what
we expect LPS stimulation was not able of significantly increase the
number of CD86™ cells (Fig. 3C). The median fluorescence intensity
(MFI) data (Fig. 3C) agreed with the cell percentage results. Overall,
Pani/y-Fe;O3 nanoparticles seemed to prevent M2 macrophage
polarization.

3.4. Characterization of double and triple culture MCTS model

To select effective therapies, in vitro MCTS model including cancer
cells, fibroblasts, and monocytes are adequate tools to recapitulate the
TME and the phenotype of TAMs in vitro. The characterization of the
MCTS models, previously established in our group, was started after 7
days of incubation. As observed by brightfield microscopy, the MCTS
were spherical and compact structures (Fig. 4a). However, in the double
and triple culture, small cellular aggregates were found around of the
MCTS, likely corresponding to monocytes which did not penetrate the
MCTS. The analysis of MCTS diameter demonstrated an average size
of 404.6 + 16.3 pm for double culture and 456.7 + 5.7 pm for triple
culture (Fig. 4b). Their metabolic activity was measured, double culture
showed average activity of 5168.0 + 221.7 R.F.U and triple culture
showed average activity of 6787.0 + 1447.0 R.F.U (Fig. 4c).

Regarding to histological analyses (Fig. 4d), the seeded cells formed
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Fig. 3. Reprograming of macrophages by Pani/y-Fe,O3 NPs. A) Flow cytometry gating strategy to study macrophage polarization in the 2D model after 72 h in-
cubation with media (control), LPS, IL-10, IL-10+ NPs and NPs. B) The pseudocolor plot of a representative phenotypic profile show the electronic gate used to
identify CD14" CD163" cells and CD14" CD86™ cells gated on single cells. C) Percentage and median fluorescence intensity (MFI) of CD14" cells, CD14" CD163™
cells and CD14" CD86" cells; Values represent mean =+ s.d. (n = 5). Statistical significances were performed using ANOVA test followed by Dunnett’s post-hoc test
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(*p < 0.05; **p < 0.01; ***p < 0.001 relative to unstimulated macrophages- control; « p < 0,05; aa p < 0.01; aaax p < 0.001 relative to IL-10-stimulated
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Fig. 4. Comparison between double and triple MCTS. A) Brightfield microscopy images of the morphology of the double and triple co-culture. Scale bars represent
100 pm; B) Double and triple MCTS diameter; C) Double and triple metabolic activity; D) H&E staining of the double (MCF-7: Monocytes) and triple MCTS (MCF-7:
hMEF: Monocytes) (and respective magnification, portrayed). Scale bars represent 100 pm. e) Immunofluorescence microscopy images of double and triple MCTS.
Values represent mean =+ s.d. (n = 3). Statistical significance was analyzed using Unpaired t test, with the level of significance set at probabilities of *p < 0.05.

compact and spherical MCTS. Furthermore, after 7 days of culturing, the
MCTS developed a necrotic core as seen by the presence of condensed
chromatin and nuclear disintegration. However, comparing to the
double and triple culture MCTS, the introduction of hMF in MCTS model
resulted in some loss of structure, the triple MCTS is less compact than
the double model. This structural difference may interfere in the pene-
tration of agents into the model system, such as resazurin solution and
nanoparticles. In agreement with structural results presented, it was
observed that double MCTS model showed less interaction with resa-
zurin solution and/or nanoparticles, affecting biocompatibility and
macrophage polarization results. The biocompatibility results of nano-
particles in 2D culture were more similar to triple MCTS model than
those obtained in double MCTS model, indicating changes in the inter-
action of this double MCTS models with the nanoparticles.

3.5. Internalization of Pani/y-Fe203 nanoparticles by macrophages of
MCTS model

The ability of macrophages inside of double and triple MCTS to
internalize and interact with Pani/y-Fe;O3 nanoparticles was deter-
mined by TEM. Fig. 5 shows that the spheroids maintained their
spherical shape after nanoparticle exposure. In the sections that we
analyzed, the most part of monocyte/macrophages was localized in the
peripheral region of the spheroids. In addition, it was possible to observe
junctions between MCF-7 and fibroblast, which confirm the communi-
cation between these cell types and demonstrate the success in the
establishment of MCTS model (Fig. 5A). Pani/y-Fe;O3 nanoparticles
were preferentially located in the outer layers of the spheroid, in the
most part inside of the macrophages. In macrophages, the close-up TEM
view revealed the presence of Pani/y-FepO3; nanoparticles in cell

endosome-like structures or distributed throughout the cytosol (Fig. 5B).
These results confirm that nanoparticles interact with macrophages in a
3D model and are degraded in endosomes.

3.6. Macrophage polarization on MCTS models by Pani/y-Fe;O3 NPs

Due to the importance of macrophages in the TME, in this study it
was analyzed if Pani/y-Fe;O3 NPs could influence the polarization of
macrophages towards a more anti-tumor profile (M1) in 3D multicel-
lular model composed of fibroblasts, MCF-7 cells and monocytes/mac-
rophages. The concentration of Pani/y-Fe;O3 NPs for the treatment of
MCTS models was 100 ug/ml, since the reduction in the cell viability
after the treatment with this NPs concentration was less than 30% in the
biocompatibility study (Fig. 2). For this purpose, double and triple co-
culture MCTS were stimulated with IL-10 for 4 h follow by treatment
with Pani/y-FeoO3 NPs for 72 h. After that, MCTS were collected,
dissociated into single cell suspension and the CD14" macrophage
population was analyzed for the expression of CD163 and CD86 re-
ceptors by flow cytometry (gate-strategy - Fig. S2 and S3).

Regarding the double model (MCF-7: Monocytes), the stimulation
with IL-10 significantly increased in the percentage of CD163" macro-
phages and decreased the number of CD86" macrophages, indicating
that IL-10 stimulation is able to promote an anti-inflammatory pheno-
type in macrophages present in this 3D model (Fig. 6A and B). As seen in
the 2D culture containing only macrophages, about the results of MFI, it
was verified that the IL-10 treatment increased CD14% intensity
expression, and the NPs addition was able to restore the CD14"
expression to values like those obtained in the control group (Fig. 6B). In
relation to the impact of Pani/y-Fe;O3 NPs on the macrophage polari-
zation in the double model, the addition of NPs was not able to affect the
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Fig. 5. Transmission electron microscopy (TEM) image of double and triple MCTS treated with Pani/y-Fe,O3 NPs. a) Morphology of the cells present in the MCTS
models: MCF-7 (yellow arrow), fibroblasts (red arrow) and macrophages (green arrow); b) Pani/y-Fe,O3 NPs were mainly observed in endosome-like structures of
double and triple model (black points and pink arrow). The black bars indicate scale. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

percentage of CD14", CD163" and CD86" cells neither their intensity
expression after 72 h of treatment in conditioned IL-10 macrophages
(Fig. 6B). Regarding the viability of the cancer cells (CD14") and mac-
rophages (CD14"), no differences upon treatments were observed
(Fig. 6C). Overall, the treatment with NPs seems not affect the per-
centage of M1 and M2 markers of macrophages in the times and con-
ditions analyzed (Fig. 6B).

For the triple model (MCF-7: hMF: Monocytes), it was observed that
the treatment with IL-10 curiously did not significantly impact the
percentage of CD163" monocytes/macrophages, but it was able to
decrease the percentage of CD86 " monocytes/macrophages (Fig. 7A and
B). Further, IL-10 stimulation also increased CD14™ intensity expression
(MFI) and the nanoparticles addition restored the CD14™" cells intensity
expression to values similar to control group (Fig. 7B). Regarding CD163
expression, was verified that Pani/y-Fe,O3 NPs treatment decreased the
percentage of CD163" cells in relation the control group (Fig. 7B). In
triple MCTS model IL-10- stimulated and treated with nanoparticles was
verified decrease of about 5% in the proportion of CD163" macro-
phages, but not enough to generate statistical significance. Also was
observed that Pani/y-Fe;O3 NPs treatment increase in 16% the number
of CD86 " cells after 72 h in IL-10-stimulated macrophages. The addition
of nanoparticles did not significantly reduce the percentage of CD163"
cells, showing that Pani/y-Fe;O3 NPs may have an immunopotentiation
role in the macrophages polarization to M1-like profile in more complex
culture systems than inhibit M2 polarization in MCTS models (Fig. 7B).
Regarding the viability of the cancer cells and macrophages, no differ-
ences upon treatments were observed as in double model (Fig. 7C).

Overall, despite the slight impact of NPs in the polarization markers
analyzed, this model constitutes an interesting screening platform to test
different formulations with impact on cancer but also stromal cells, since
it is an in vitro model mimicking the characteristics of the tumor
microenvironment, resulting in the presence of several molecules and
conditions that affect the tumor microenvironment and the tumor
growth than in 2D cultures.

4. Discussion

Nanoparticles have been extensively studied to modulate cells of the
innate immune system to increase the anticancer response. In particular,
the development of iron oxide nanoparticles as a tool for the regulation
of macrophage polarization may represent a promising immunothera-
peutic strategy against breast cancer. In this study, it was described the
use of Pani/y-Fe,O3 NPs as a potential platform for modulating macro-
phages to pro-inflammatory and tumor suppressor phenotype in TME.
Based on previous studies, iron oxide nanoparticles have been success-
fully used as immunopotentiators for the treatment of various types of
cancer, through the modulation of M1 macrophage profile to M2
macrophage profile (Zanganeh et al., 2016; Costa da Silva et al., 2017,
Zhou et al., 2020; Li et al., 2019).

Macrophage polarization is closely associated with differential
regulation of iron metabolism due to their differential expression of
related molecules involved in iron uptake, storage and release (Zhu
et al., 2015). Macrophage iron homeostasis is linked to their functional
heterogeneity as well as their extreme roles during inflammation (Jung
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Fig. 6. Reprograming of macrophages on double MCTS by Pani/y-Fe;O3 NPs. A) The pseudocolor plot of a representative phenotypic profile show the electronic gate
used to identify CD14™" cells gated on single cells, and CD163™ cells and CD86™ cells gated on CD14™ cells of the double model. B) Percentage and MFI of CD14+,
CD163" cells and CD86" cells in double model; C) Percentage of CD14" dead cells and percentage of CD14 dead cells in double model. Values represent mean = s.d.
(n = 6). Statistical significances were performed using ANOVA test followed by Dunnett’s post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001 relative to unstimulated
macrophages- control; « p < 0,05; ot p < 0.01; oot p < 0.001 relative to IL-10-stimulated macrophages).
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et al., 2015). M1-like macrophages have an iron-sequestering pheno-
type, basically they use iron to generate an acute inflammatory signaling
response that this is associated with ROS generation to limit tumor
progression (Sacco et al., 2021). M2-like macrophages phenotype
display an iron-releasing phenotype characterized by promoting iron
recirculation in the TME and supporting tumor cell proliferation,
angiogenesis, and metastasis (Sacco et al., 2021).

Our results showed that Pani/y-Fe;O3 NPs have low toxicity to cells
under study with endosomal uptake by macrophage. MCF-7 cancer cells
were more sensitive to exposure to Pani/y-Fe;O3 NPs than the mono-
cytes and macrophages. The high iron exposure can induce cell death by
ferroptosis, which is a form of non-apoptotic cell death characterized by
accumulation of lipid peroxides (Recalcati and Cairo, 2021; Lei et al.,
2019). However, in macrophages, the pentose phosphate pathway that
generates NADPH is particularly active and represents an important
cofactor in the production of both toxic oxidants and antioxidants, such
as glutathione (GSH) and thioredoxin, which limit oxidative damage
(Lei et al., 2019). In this context, the iron content of macrophages is
important for their greater resistance and viability to iron exposure and
justifies their greater compatibility with the nanoparticles used in this
study.

In addition, the data showed that Pani/y-Fe;O3 NPs is able to suc-
cessfully shape the macrophage immune response in vitro in 2D culture
systems, reducing the percentage of M2 CD163" macrophages and
increasing the percentage of M1 CD86" macrophages. This finding has
already been seen in other studies that used iron oxide nanoparticles for
macrophage reprogramming as an antitumor strategy (Laskar et al.,
2013; Zanganeh et al., 2016; Zhang et al., 2020; Kao et al., 2020; Oka-
zaki et al., 2020; Li et al., 2019). The antitumor effect is attributed to the
accumulation of intracellular iron in macrophages, promoting tran-
scriptional reprogramming of macrophage phenotypes (Nascimento
et al., 2021). The process starts with the interaction between iron oxide
nanoparticles and macrophage surface receptors. In general, the pro-
inflammatory potential of iron oxide nanoparticles is mediated by
pattern recognition receptors expressed on innate immune cells,
including Toll-Like Receptors, complement receptors and scavenger
receptors, which are involved in downstream MAPK/mTOR cascades
and transcription factors — STATs, NF-kB and IRFs, which regulate im-
mune activation and the inflammatory response (Dukhinova et al.,
2019). It has also been shown that high intracellular iron concentration
can activate NF-xB and induce pro-inflammatory pathways initiating
macrophage reprogramming to a pro-inflammatory phenotype associ-
ated with the expression of TNF-a and other pro-inflammatory cytokine
(Zhao et al., 2018).

The potential clinical applications of pro-inflammatory immune re-
sponses mediated by Pani/y-FeoO3 NPs may assist in potentiating the
efficacy of other M1-activating cancer immunotherapies. To assess the
potential of Pani/y-FepO3 NPs as a strategy for macrophage reprog-
ramming for a pro-inflammatory tumor suppressor profile, it was eval-
uated their action in MCTS models, also known as 3D in vitro models,
which can mimic the microenvironment of solid tumors. The 3D
multicellular model can mimic the specificity of tissues better than cells
grown in monolayers, recapitulating these physiological cell-cell and
cell-extracellular matrix interactions (Lu and Stenzel, 2018). However,
some points need to be considered when interpreting the results between
2D and 3D models, since the interaction can occur predominantly at the
periphery of the spheroid, while only a small penetration of the nano-
particles occurs in the center (Han et al., 2021). It is necessary to take
into account that both models assess nanoparticles capture while only
the 3D considers the diffusion of nanoparticles (Lu and Stenzel, 2018).
The characterization results of double and triple spheroids shown that
co-culture between tumor cells, fibroblasts and monocytes increased the
diameter and metabolic activity of the spheroid, as well as reduced its
compaction but without loss of stability. Studies show that the addition
of fibroblasts in 3D models increases the expression of matrix metal-
loproteinases (MMPs) (Sirén et al., 2006). These proteins, MMPs, are
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considered the major pericellular proteolytic executors, with a function
related to the degradation of the extracellular matrix (ECM) for cell
growth, differentiation, survival and tumor cell motility (Itoh and
Nagase, 2002). In addition to ECM components, MMPs are able to cleave
and process serpins, complement factors, various receptors and adhesion
molecules on cell surfaces (McCawley and Matrisian, 2001). In this way,
the addition of fibroblasts and macrophages in a 3D architecture repli-
cate the natural TME in terms of physiologically relevant cell-cell
communication, nutrient gradients, drug penetration and hypoxic
tumor regions (Kuen et al., 2017). Furthermore, tumor-associated fi-
broblasts are an important component of the TME, playing a role in
cancer progression and drug response (Jeong et al., 2016).

The results of biocompatibility found in relation Pani/y-FeoO3 NPs to
the triple MCTS model composed of MCF-7, fibroblasts and monocytes
were similar to those results presented by the 2D culture. In general, the
cellular absorption and toxicity results are similar between 2D cultures
and 3D model, however different results can be obtained due to differ-
ences in the penetration of the nanoparticle and in the operating time of
the models (Lu and Stenzel, 2018). In according with this concept,
different biocompatibility results between 2D culture and double MCTS
model were observed. For the double MCTS model, it was verified that
the nanoparticles were compatible for all concentrations analyzed,
probably due to the morphological limitations of the model, since it is
more compact and produce matrix, which can prevent the nanoparticle
penetration into to the spheroid, thus being more resistant to treatment
compared to the triple model. Furthermore, this compact morphology
can also reduce the penetration resazurin to spheroid core and conse-
quently the resazurin is reduced only by a limited number of cells.
Importantly, the resazurin assay can generate an unreliable readout to
indicate cytotoxicity due to the tight junction state of cells present in
spheroids. An intrinsic feature of spheroid formation is the establish-
ment of junctions between the cells (Ivascu and Kubbies, 2007). Similar
results were seen by Walzl et al., where they provided convincing evi-
dence that the establishment of tight junctions within or in the surface
cell layer of the spheroids prevents resazurin from penetrating the
spheroid nucleus (Walzl et al., 2014).

Regarding the ability of Pani/y-FeoO3 NPs to reprogramming of
macrophages in both MCTS models, for the double model, the nano-
particles were not able to exercise any effect on the number of M1 or M2
macrophages, probably due to the morphological features of the model,
which can prevent the penetration of nanosystems and reduce their
interaction with the particles. For the triple model, we observed that the
exposure of Pani/y-Fe;O3 NPs led to increased expression of CD86™ (M1
marker), showing that Pani/y-Fe;O3 NPs can be used as a tool to
reprogram macrophage to M1-like phenotype. It is known that iron
oxide nanoparticles are powerful carriers for vaccine delivery for cancer
treatment (Soetaert et al., 2020; Zhao et al., 2018). They can have a
direct effect by polarization of immune cells, such macrophages and
DCs, increasing immune response, or can be used as a delivery system,
instance of OVA, with a function of immune potentiator (Volovat et al.,
2022; Luo et al., 2019).

Various iron oxide nano-based strategies aimed at regulating
macrophage polarization have been developed and tested. For example,
Zanganeh et al. demonstrated that ferumoxytol, FDA-approved IONPs
for iron deficiency treatment, can elicit a transition from M2 to pro-
inflammatory M1 phenotypes in solid tumor tissues and suppress
tumor growth (Zanganeh et al., 2016). Zhou et al., designed a nano-
carrier composed of IONPs and R837 (PLGA-ION-R837@M (PIR@M))
capable of greatly polarizing the TAMs from the M2 phenotype to the M1
antitumor, the polarization is attributed to the fact that Fe3O4 NPs
mainly activate the IRF5 signaling pathway via iron ions rather than the
NF-xB signaling pathway induced by reactive oxygen species (Liu et al.,
2020). Mulens-Arias et al., showed that PEI-coated IONPs (PMag) acti-
vate macrophages, with increased of IL-12 secretion in culture medium
and the regulation of several genes linked to the M1 phenotype. The
macrophage activation induced by PMag was partially dependent on
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TLR4 (receptor 4) and ROS signaling (Mulens-Arias et al., 2015). It is
important to note that the development of studies based on macrophage
reprogramming using iron oxide nanoparticles remains largely empir-
ical. Although the mechanism of reprogramming is currently inconclu-
sive, some studies have found that it may be related to intracellular
levels of iron in macrophages, production of ROS and pro-inflammatory
cytokines (Zanganeh et al., 2016; Wu et al., 2021; Dalzon et al., 2019; Li
et al., 2019). The lack of standardization of preclinical studies and the
variability of experimental conditions and results still represents a bar-
rier to the creation of therapies based on IONPs (Nascimento et al.,
2021).

Our results showed that Pani/y-Fe;O3 NPs have a great potential for
macrophage reprogramming and immunotherapy of breast cancer. As
they are magnetic and polyaniline-coated, a conducting polymer, they
can also be used in photothermal therapy to induce immune responses in
tumors and deliver immunostimulants and checkpoint inhibitory mol-
ecules to enhance the immune response. Pani/y-Fe;O3 NPs can enhance
the effectiveness of other immunotherapies M1-activating against can-
cer cells such as antibodies, microRNAs and other molecules already
known to further amplify the desired immunomodulatory properties
(Gordon et al., 2017; Duluc et al., 2009; Wiehagen et al., 2017; Curtale
et al., 2019). Finally, Pani/y-FeoO3 NPs can be used in adoptive cell
therapy and T-cell enrichment and as the imaging agents such as mag-
netic resonance imaging (MRI) contrast and good biodegradability. For
Pani/y-FeO3 NPs application against tumors, more studies must be
conducted to understand its pharmacokinetic, pharmacodynamics,
biodistribution and the better administration route to stimulate mac-
rophages, enhancing their activity and response to cancer.

5. Conclusion

IONPs have proved their efficacy in a variety of biomedical appli-
cations as drug carriers. An attractive new research area is exploring
their ability to activate and reprogram macrophages towards a M1-like
profile for application in cancer therapy.

In summary, our work based on polyaniline-coated iron oxide
nanoparticles (Pani/y-Fe;O3 NPs) demonstrated that cellular uptake of
the nanoparticles by macrophages present in 2D culture and into triple
MCTS model causes macrophage reprogramming to the M1-like anti-
tumor phenotype. These properties allow Pani/y-Fe;O3 NPs to alter the
orientation of the TME towards an antitumor scenario that may result in
the control of breast tumor growth. We believe that this work expands
the knowledge about the role of IONPs in the activation of the immune
system and contributes to the development of new therapeutic strategies
against solid tumors.

In addition, we have also seen that the use of 3D multicellular culture
models fills some gaps present in 2D models and improves cancer drug
discovery success rates, as they display a microenvironment closer to
tumors in vivo. Finally, it is concluded that Pani/y-Fe;O3 NPs have the
potential to act as a macrophage immunostimulator to M1-phenotype
and, consequently, to be able to compose a complementary strategy to
the treatment of breast cancer.
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