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Abstract
Superparamagnetic iron oxide nanoparticles (SPIONs) are widely used inmagnetic hyperthermia,
where their therapeutic efficacy depends on efficient heat generation.However, intracellular uptake of
SPIONs has been shown to reduce their heat dissipation capacity, limiting hyperthermia performance.
To address this challenge, we explored the use of small-molecule endocytosis inhibitors to block
SPIONs’uptake in vitro. SPIONs stabilizedwith 3-aminopropyl triethoxysilane (APTES)were
evaluated in an advanced cutaneousmelanoma cell line treatedwith a small library of endocytosis
inhibitors. Among these,methyl-β-cyclodextrin significantly reduced SPIONs’uptake compared to
untreated cells. Importantly, uptake inhibition restored SPIONs’ heat dissipation capacity from
specific absorption rates of 63 to 91Wg−1 and improved the temperature increase by 2.6 °C, under
magnetic hyperthermia conditions. Thesefindings demonstrate that targeting nanoparticle inter-
nalizationwith small-molecule inhibitors, particularlymethyl-β-cyclodextrin, enhances the efficiency
ofmagnetic hyperthermia inmelanoma cells. This strategy offers a promising approach to optimize
magnetic hyperthermia formelanoma treatment.

1. Introduction

Despite advancements inmedical science, cancer persists as a global public health challenge, evidenced by its
increasing prevalence andmortality rates [1]. Cutaneousmelanoma, themost lethal type of skin cancer,
registered aworldwide total of 331 k new cases in 2022, which is expected to increase in 2040 by 50% [2, 3].
While associatedwith risk factors such as age, race, and gender,melanoma arises from several geneticmutations
inmelanocytes, primarily triggered by overexposure toUV radiation [4, 5]. Nowadays, early-stagemelanoma is
highly treatable through a combination of tumor removal and radiotherapy to prevent recurrence. In addition,
significant efforts have been directed toward developing effective therapeutics for advanced cutaneous
melanoma based on targeted and immunotherapy approaches [6]. Immune checkpoint inhibitors and small-
molecule targeted drugs, individually or in combination, have demonstrated the potential to enhance patient
quality of life [7, 8]. However,melanoma drug resistance, limited response rates, and associated toxicity effects
lead to recurrence and disease progression over time [9–12]. So, there is an urgent need tofind alternative drug-
independent interventions.

The rapid advances in nanotechnology and the unique features of bionanomaterials have prompted new
approaches to develop and improve cancer therapies. Superparamagnetic iron oxide nanoparticles (SPIONs)
have been the focus ofmany researchers as potentialmultifunctional systems comprising drug delivery
properties, image contrast, andmagnetic hyperthermia agents [13–16]. At the nanometric scale, typically below

OPEN ACCESS

RECEIVED

9 January 2025

REVISED

27 February 2025

ACCEPTED FOR PUBLICATION

7March 2025

PUBLISHED

20March 2025

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2025TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2632-959X/adbde1
https://orcid.org/0000-0001-7880-7718
https://orcid.org/0000-0001-7880-7718
https://orcid.org/0000-0002-4030-2519
https://orcid.org/0000-0002-4030-2519
https://orcid.org/0000-0002-0938-9038
https://orcid.org/0000-0002-0938-9038
https://orcid.org/0000-0002-3996-6545
https://orcid.org/0000-0002-3996-6545
https://orcid.org/0000-0002-4975-7480
https://orcid.org/0000-0002-4975-7480
mailto:pi.soares@fct.unl.pt
https://doi.org/10.1088/2632-959X/adbde1
https://crossmark.crossref.org/dialog/?doi=10.1088/2632-959X/adbde1&domain=pdf&date_stamp=2025-03-20
https://crossmark.crossref.org/dialog/?doi=10.1088/2632-959X/adbde1&domain=pdf&date_stamp=2025-03-20
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0


20 nm for iron oxide, the nanoparticles exhibit superparamagnetic behaviour, which translates into the ability to
exhibitmagnetic properties onlywhen amagnetic field is applied, showing great promise in the biomedicalfield
[17]. In an effort to overcome the limitations associatedwith the clinical applicability of local hyperthermia,
magnetic hyperthermia has emerged as a newnon-invasivemodality, achieving targeted heat productionwith
SPIONs [18].With the application of an alternatingmagnetic field (AMF) that is highly penetrable into the
human body, SPIONs accumulated at a tumor site can dissipate heat. This aims to induce apoptosis inmalignant
cells due to their temperature susceptibility while leaving surrounding tissue unharmed [16, 19]. However,
SPIONs capacity to dissipate heat can be affected by several factors.

Recent studies have shown that the dynamicmagnetic response of SPIONs inside cells can drastically change
[20–22]. Hannon et al (2020) in vitro study in a pancreatic cell line reported that SPIONsmagnetic heating
efficiency reduces upon internalization, lowering the levels of cell death [23]. Although themechanisms behind
this phenomenon are not fully defined, it is suggested that itmay be due to particle immobilization, nanoparticle
clustering, or the influence of themediumviscosity.What appears to be consistent in the literature is that
hyperthermia appears to be therapeuticallymore effective when SPIONs are in the extracellular environment
[20, 24, 25].

Here, we explore a novel approach to enhancingmagnetic hyperthermia formelanoma treatment by
impairing the cellular internalization of SPIONs. Since endocytosis is the predominant internalization pathway
for various nanoparticles, we utilized smallmolecule endocytosis inhibitors (SMIs) to reduce SPIONuptake. As
a proof of concept, we selected fivewell-characterized SMIs that target distinct endocytic pathways:
chlorpromazine (CPZ), genistein,methyl-β-cyclodextrin (MβCD), nocodazole, and latrunculin B [26–30].
With this approach, we aim to compare the heating capacity of SPIONs in intracellular hyperthermia (when
internalized) against extracellular hyperthermia (when internalization is impaired) conditions. To our
knowledge, no report combines smallmolecule inhibitors of endocytosis to improvemagnetic hyperthermia
therapy.

2.Materials andmethods

2.1.Materials
The chemicals 3-aminopropyl) triethoxysilane (APTES),N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride) (EDC.HCl),N-hydroxysuccinimide (NHS), rhodamine B (RhoB), and 2-(N-morpholino)
ethanesulfonic acid (MES)were all purchased fromMerck. The selected SMI for the present workwere CPZ
(TargetMolecule), genistein (TargetMolecule), latrunculin B (Focus Biomolecules), nocodazole (Cayman
Chemical) andMβCD (CaymanChemical). For cytotoxicity studies, the following reagents were used: resazurin
sodium salt fromAlfa Aesar; CalceinAM (green dye live cell indicator), and ethidiumhomodimer (red dye dead
cell indicator) fromBiotium. For immunostaining studies, the following reagents were used: paraformaldehyde
(PFA) (Merck), triton-X-100 (Omnipur), bovine serum albumin (BSA) (Sigma-Aldrich) andMowiol 4–88
mountingmedium (Sigma-Aldrich), HelixNPTM488 dye (Biolegend) andActin-staining PhalloidinTM488
dye (Cytoskeleton). For Prussian blue staining: Perl’s reagentwas used containing 4%potassium
hexacyanoferrate (II) trihydrate, K4[Fe(CN)6].3H2O (w/v), and 4%HCl (v/v); counterstaining solution used
wasNuclear fast red 0.1% in 5%aluminum sulfate, all fromSigma-Aldrich.

2.2. Synthesis and stabilization ofmagnetic nanoparticles
SPIONswere synthesized by chemical co-precipitation technique following the procedure described in Soares
et al [31]. The resultant nanoparticle suspensionwas stabilizedwithAPTES surfactant, following the
Mashhadizadeh et al [32] protocol. Briefly, bare SPIONs produced by co-precipitationwere dispersed in a 10%
(v/v) solution of APTES prepared in a 1:2mixture of ultrapurewater and glycerol. The reactionwas left to
proceed at 90 °Cundermechanical stirring for 2 h. After cooling to room temperature, the suspensionwas
washedfive times bymagnetic separation, alternating betweenwater and ethanol, and stored inwater at 4 °C.
For further studies using fluorescencemicroscopy, the obtainedAPTES stabilized SPIONswere functionalized
with RhoB fluorophore via EDC/NHS coupling in a proportion of 2mMRhoB to 1.5mgml−1 SPIONs
resuspended inMES buffer. The nanoparticles concentration in the colloidal solutionwas determined in iron
content using the 1,10-phenanthroline colorimetricmethod, considering [Fe]= 0.7× [SPIONs] [33].

2.3. Characterization ofmagnetic nanoparticles
SPIONswere characterized in terms of chemical composition by Fourier transform infrared (FTIR), x-ray
diffraction (XRD), andmorphology by Transmission ElectronMicroscopy (TEM), before and after APTES
stabilization. ForXRD and FTIR analysis, all nanoparticles were freeze-dried for 48 h. XRD analysis was
performed in aX’Pert PROMDPx-ray diffractometer (PANalytical), employingCu-Kα radiation
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(k= 1.54060Å). The analysis spanned a range of 2θ values between 15° and 80°with a step of 0.033°. FTIR
spectrawere acquired using FTIRNicolet 6700 (ThermoElectronCorporation)with attenuated total reflectance
with a 45° incident angle in the 4500 –500 cm−1 range. TEM images were obtainedwith aHitachiH-8100 II with
thermionic emission LaB6. The SPIONs size distributionwas determined using ImageJ software [34].

Prior to in-vitro studies, SPIONs stability in serum and protein corona formationwas observed byDynamic
Light Scattering (DLS) and ζ-potential analysis. SPIONswere dispersed in a cell culturemediumwith 0%and
10%FBS andwater at pH7 and left to incubate at 37 °C for 24 h. The hydrodynamic size (Dh) and surface charge
weremeasured for 0.05mgml−1 of SPIONs at a scattering angle of 90 °Cusing a SZ-100 nanopartica series with
a 532 nm laser containing a Peltier system at 25 °C. TheDhwas calculated using the Stokes–Einstein equation.
Magnetic properties of SPIONsweremeasured throughVibrating SampleMagnetometer (VSM) technique
using a 10 TVSMmagnetometer (Cryogenic-Cryofree). Themagnetization curvewas obtained at 5 K and 300K,
with a variation of the appliedfield of−5Tup to 5 T.

2.4. In-vitro cell culture
WM983b cell line ofmetastatic cutaneousmelanoma cancer was provided by Rockland Immunochemicals Inc.
(WM983B-01-0001). This cell line was cultivated inDulbecco’smodified Eagle’smedium (DMEM) high glucose
(4.5g l−1), supplementedwith 5%heat-inactivated fetal bovine serum (FBS) and 1%penicillin–streptomycin
antibiotic, all fromBiowest. For spheroid culture, 1.5%Agar solution (Sigma-Aldrich) dissolved in phosphate
buffer saline (PBS) solution and collagen type-I rat tail (Sigma-Aldrich)were used. Cells were grown in anMCO-
19AIC(UV)CO2 incubator with a humidified atmosphere of 5%CO2 at 37 °C,with themedium changed every
other day.

For all in-vitro experiments, SPIONswere diluted inWM983b culturemedium containing 10 μgml−1

gentamicin antibiotic (Gibco). CPZ, genistein, latrunculin B, and nocodazole were dissolved in dimethyl
sulfoxide (DMSO) and diluted in a cell culturemedium containing 1%DMSO in thefinal solution.MβCDwas
dissolved inWM983b culturemediumdirectly and syringe filtered for sterilization.

2.4.1. Cytotoxicity studies
The potential cytotoxic effects of SPIONs towardsWM983b cell linewas assessed by Live/Dead cell viability test,
using Live/Dead solution, containing 0.2 μlml−1 Calcein AMand 0.8 μlml−1 Ethidiumhomodimer, prepared
in serum-freeWM983b culturemedia with 25mMof 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid
(HEPES). Briefly,WM983b cells were seeded in a 96-well plate at 150 kcellml−1 and incubatedwith a range of
SPIONs concentrations from0.06mgml−1 to 1mgml−1 diluted inmedium containing 10 μgml−1 gentamicin.
After 24 h of SPIONs exposure, cells were incubatedwith Live/Dead solution for 30 min. Reactionwas stop by
washingwithmedium containing serum. The percentage of live and dead cells was obtained through image
analysis, given by [Cell viability (%)= cell count/untreated control cell count× 100]. Outliers were removed
considering a 0.05 significance level. At least 10 images of each conditionwere taken by epifluorescence
microscopy using aNikon Invertedmicroscopewith 10×magnification.

The toxicity of the SMIswas determined by resazurin-based cell viability assay. Similar to SPIONs viability
assay,WM983b cells were seeded in a 96-well plate at 150 kcellml−1 and incubated for 24 hwith a range of
concentrations of CPZ, genistein, latrunculin B, nocodazole, andMβCD.After treatment, 20 μgml−1 resazurin
solutionwas added for 2 h. The change in absorbance between 570—600 nmwavelengthwasmeasured using
BioTek ELx800UVabsorbancemicroplate reader. The quantity of viable cells was determined by themeasured
absorbance related to the absorbance of the respective control (cells untreatedwith SMI). Cell viability was
expressed as a percentage of the control, given by [Cell viability (%) (Abs570—Abs600) treated cells/(Abs570—
Abs600) untreated control× 100].

2.4.2. Cellular uptake studies: prussian blue staining
The dynamic interaction of SPIONswithWM983b cells was evaluatedwith Prussian blue staining in different
in vitromodels: single-cell suspension, cellmonolayer (2Dmodel), and cell spheroid (3Dmodel).

To obtain a single-cell suspension, 100 kcellml−1 ofWM983b cells were seeded simultaneously with
SPIONs, in a 6-well plate and incubated undermild agitation. Cells were left to adhere in 12mmcoverslips for
24 h for imaging acquisitions. A cellmonolayer was obtainedwith 300 kcellml−1 seeding density ofWM983b
cells in 12mmcoverslips in 24-well plate. Cells were left to adhere in 12mmcoverslips for 24 h before treatment
with SPIONs. Spheroids were prepared by seeding 5 kcell well−1 in a 96-well plate previously coatedwith 50 μl
well−1 of 1.5% agar solution prepared in PBS. After 7 days, SPIONswere added to fully grown spheroids. The
same 100 μgml−1 of SPIONswas used for allmodels with incubation periods of 15 min, 1 h, 3 h, 6 h and 24 h.

To stain the iron content, cells were fixedwith 4%PFA for 10 min, permeabilizedwith 0.2%Triton-X 100
for 30 min, and stainedwith Perl’s reagent andNuclear fast red for 40 min. This procedure was done in
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coverslips for single-cell suspension and cellmonolayermodels; spheroids were previously embedded in
2mgml−1 collagen type-I rat tailmatrix. At least 10 images of each conditionwere acquiredwithNikonTi-S
InvertedMicroscope in phase contrastmode using a 20× objectivemagnification. AntifadeMowiolmounting
mediumwas used for sample preservation, prepared as recommended [35].

2.4.3. Cellular uptake studies: fluorescencemicroscopy
As a complementary approach using a higher resolution imaging technique, Laser ScanningConfocal
microscopywas used.WM983b cellmonolayer, obtained as described above, was exposed to 100 μgml−1 of
RhoB functionalized SPIONs for 1 h. To reduce background and facilitate observation of SPIONs localization
within the cell, the excess of non-internalized SPIONswas removed by rinsing the cells withmedium, following
additional 1 h, 3 h, 6 h, 16 h and 24 h incubation periods.

For imaging acquisition, cells werefixed in the coverslips with a 4%PFA solution for 10 min, and
permeabilizedwith 0.2%Triton-X 100 for 20 min.Nuclear and cytoskeleton stainings were performedwith
HelixNPTM488 (1:1000 from a stock of 5mM) andActin-staining PhalloidinTM 488 (100 nM), diluted in 0.2%
BSA solution, for 30 min. AntifadeMowiolmountingmediumwas used for sample preservation, prepared as
recommended [35]. At least 10 images of each conditionwere acquiredwith a Zeiss LSM700microscope, with
488 nmand 555 nm laser lines, in Z-stackmode, using a 20× objective.

2.4.4. Evaluation of small-molecule inhibitors blocking capacity
The efficiency of the SMI in inhibiting SPIONs internalizationwas assessed by Laser ScanningConfocal
microscopy.WM983b cells were seeded in 12mmcoverslips in 24well-plate at 100 kcellml−1 for 24 h. 1 h pre-
treatmentwith each SMI (25 μMgenistein, 5 μMCPZ, 10 μMlatrunculin B, 5mMMβCDand 10 μM
nocodazole)was followed. Then, 100 μgml−1 of RhoB functionalized SPIONswere co-incubatedwith the SMI
for redosing for an additional 6 h. The same abovementioned protocol was executed for confocalmicroscopy
sample preparation.

A quantitative analysis of the images acquiredwith confocalmicroscopywas performed to obtain the
percentage of SPIONs cellular uptake. Image processingwas performed considering individual cells, where each
cell area was delimitedmanually. To account for the SPIONs signal in the cytoplasm, a binarymask of the cell
nucleuswas obtained by applying anOtsu’s threshold to the green channel. To get the SPIONs distribution
along the cytoplasm, the identified cell nuclei suffered consecutive iterative dilations by a disc structuring
elementwith 3-pixel width, until all cell areawas covered. For each 3-pixel width disc, from the cell nucleus to
the cell end, themeanfluorescence intensity of the RhoB functionalized SPIONs red channel was determined
and converted to anRGB scale from0–255. From this analysis, the SPIONs distribution profile in the cell’s
cytoplasmwas obtain from an average of intensity per disc for at least 20 cells per condition. The cellular uptake
per cell corresponds to the area under the curve of the SPIONs distribution profile. The percentage of SPIONs
cellular uptakewas determined as an average of the cellular uptake per cell.

2.4.5. Flow cytometry
WM983b cells were seeded at 50 kcellml−1 in 24-well plate for 24 h. Then, themediumwas removed, and cells
were rinsed twice with PBS and oncewith freshmedium. For uptake studies, cells were incubated for 1 h, 6 h,
and 24 hwith 100 μgml−1 of RhoB functionalized SPIONs. Then, cells were collected and rinsed twicewith PBS.
Thefluorescence intensity of 10 kcell was analyzedwith a BDLSRFortessa X-20flow cytometer. Themean
fluorescence of samples was obtained by subtracting the autofluorescence of cells. All experiments were
performed in duplicates in three independent assays. For evaluation of SMI blocking capacity, the same protocol
was applied, adding 1 h pre-treatmentwith 5mMofMβCDbefore incubationwith the SPIONs.

2.5.Magnetic hyperthermia assays
Allmagnetic hyperthermia assayswere performed inDM100 series fromnBnanoScale Biomagnetics apparatus.
AnAMFof 300Gwith a frequency of 418.5 kHzwas applied for 10 min in all studies unless stated otherwise.
Temperaturewasmeasured in a sealed glass dewar flask using an optic sensor. SPIONs temperature curveswere
registered for 1mgml−1, 2mgml−1, and 3.5mgml−1 of SPIONs suspension to determine the optimal
concentration to reach therapeutic temperatures of 42 °C,within 5 min. Prior to in-vitro assays, the influence of
WM983b cell culture conditions in the heating capacity of SPIONswas evaluated. For that, SPIONswere
dispersed in: water or PBS and incubated for 24 h at 4 °Cor 37 °Cwith a humidified atmosphere of 5%CO2; or
inDMEMcell culturemediumwith orwithout FBS and incubated for 24 h at 37 °Cwith a humidified
atmosphere of 5%CO2. The specific absorption rate (SAR) value characterizes themagnetic colloid heating
capacity andwas calculated according to [36], approximating the cell culturemedium-specific heat to thewater-
specific heat.
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In vitromagnetic hyperthermia assays were performedwith the following conditions: SPIONs uptake
inhibition byMβCD, intracellular and extracellular controls. For SPIONs uptake inhibition, 3.5 kcells were pre-
treatedwith 5mMMβCD for 1 h, following 6 h co-incubation period of 5mMMβCDand 3.5mg of SPIONs.
The same treatment proportion of 3.5mg of SPIONs per 3.5 kcells wasmaintained for all conditions. For
intracellular control, SPIONswere incubated for 6 h to reachmaximumuptake, whereas for extracellular
control SPIONswere added to the cell suspension only at the time ofmeasurement.Magnetic hyperthermia
measurements were performedwith the cells in suspension.

A summary of the experimental procedures is given in Scheme S1 (Supplementary information).

2.6. Statistical analysis
All data points are presented asmean± standard deviation (SD). A t-test statistical analysis was applied to the
mean values relative to the considered control. The hypothesis test considered samples with different deviations
in bimodal distribution. ****p-value< 0.0001 ***p-value< 0.001, **p-value< 0.01, *p-value< 0.05.

3. Results

3.1. SPIONs characterization: XRD, FTIR, andTEM
The diffractograms infigure 1(A), acquired by the XRD technique, reveal a crystalline cubic structuremainly
constituted ofmagnetite for bare SPIONs. This structure remains preserved after stabilizationwith theAPTES
molecule. The analysis of the diffractogramswas performed according to the crystallographic sheets of standard
XRDpatternwhere six characteristic peakswere identified at 2θ equal to 30.3, 35.6, 43.3, 53.6, 57.2 and 63.1,
corresponding to the diffraction planes (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0), respectively [31]. Using
Scherrer’s equation, the average crystallite size calculated for both bare andAPTES stabilized SPIONswas
around 9 nm, considering amaximumpeak at 2θ= 35.56 for bare SPIONs and 2θ= 35.69 for
SPIONs_APTES [36].

The FTIR spectra of both bare andAPTES stabilized SPIONs (figure 1(B)) allow the identification of the
sharp absorbance band at 560 cm−1 in all spectra, which is related to the stretching vibrationmode of the Fe–O
bond originating from the SPIONs iron oxide core. The broadband between 3000 cm−1 and 3500 cm−1 is
related to theO–Hstretching vibrationmode due to hydrationwater, while the band at 1590 cm−1 in the bare
SPIONs spectrum is related to theO–Hstretching vibrationmodes. The band that appears around 1630 cm−1 in
the FTIR spectra of APTES stabilized SPIONs corresponds to the amine bendingmode from theAPTES amine

Figure 1.Morphological, chemical, and structural characterization of bare SPIONs andAPTES stabilized SPIONs. (A)XRD
diffractograms of both bare andAPTES stabilized SPIONs, identifying characteristic peaks and respective diffraction planes, were
analysed according to the crystallographic sheets of standardXRDpattern. (B) FTIR spectra of both bare andAPTES stabilized
SPIONs, comparing the presence of specific absorbance bands representative of chemical bonds within the nanoparticles. (C)TEM
images of both bare andAPTES stabilized SPIONs show the particles’ sphericalmorphology. Size distribution graphics were obtained
using Image J program,where bars represent the relative frequency of the diameters, and line represent aGaussian curvefitting. Scale
bar: 100 nm. (D)Magnetization as a function of the appliedmagnetic field at 5K and 300K of SPIONs_APTES.Magnetization values
are presented in emu per gramof thewhole particle (includingmagnetic and non-magneticmaterial).
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functional group, whereas the absorbance band around 1100 cm−1 is due to the stretching vibration of Si–O
[37], confirming of the presence of APTES at SPIONs surface. The functionalization of SPIONswithRhoB
fluorophorewas also verified by FTIR (Supplementary Information, figure S1A). The absorbance band around
1650 cm−1, attributed to the double bondC=Ostretching vibrationmode, confirms the formation of an amide
functional group, resulting fromEDC/NHS coupling between the RhoB carboxylic acid bond and theAPTES
amine group. The spectrumprofile between 1700 cm−1 and 500 cm−1 and the double bonds C=C stretching
vibrationmode corresponding to the absorbance band at 1500 cm−1 are characteristic of aromatic compounds
that compose the RhoBmolecule. The stretching vibrationmode of the Fe–Obond (sharp band at 560 cm−1)
from the iron oxide core as well as the stretching vibration of Si–O (around 1100 cm−1) from theAPTES
molecule, are also present.

Figure 1(C) shows TEM images of bare andAPTES stabilized SPIONs that reveal an average size of 9± 2 nm,
with a narrow size distribution, within the rangewith a superparamagnetic behavior (<15 nm) [38]. In general,
the presence of APTES at SPIONs surface did not influence the iron oxide core size,maintaining the particle
diameter between 8–10 nm, in concordancewith the average crystallite size obtained from theXRD analysis.
TEManalysis after RhoB functionalizationwas also performed to verify possible influences on SPIONs
morphology and size distribution (Supplementary Information, figure S1B). It is observable that the
morphology andmean diameter, equal to 9± 2 nm, aremaintainedwithin the superparamagnetic behavior
range.

Magneticmeasurements were performed to evaluate the effect of APTES coating on themagnetic properties
of SPIONs. Figure 1(D) shows the hysteresis curves at 5K and 300K. At 300K, the sample is superparamagnetic,
as demonstrated by the absence of coercivity and remanence (inset offigure 1(D)). The saturationmagnetization
at 300K is 52 emu.g−1, which is reduced compared to base SPIONs. This reduction is caused by the coating
material, as previously demonstrated [31, 36, 39].

3.2. Protein corona formation
Whennanoparticles are in contact with the physiological environment, large amounts of proteinmay adsorb at
its surface, forming a protein corona [40–42]. Table 1 shows the zeta potential, Dh, and polydispersity index
(PDI) of SPIONs coatedwith APTESwithout and functionalizedwith RhoB. The zeta potential values show that
SPIONs_APTES inwater exhibit a positive surface chargewith values associatedwithNPs stability.When the
NPs are resuspended in PBS or cell culturemedium, the value decays to a zeta potential close to neutral. As the
difference in chargemay affect the particles’ stability, an evident increase ofDh and polydispersity index (table 1)
associatedwith higher decay times in the autocorrelation curve (figure S2—Supplementary information)was
observable. It is visible that all samples in water, except SPIONs_APTES, have higher decay times, corresponding
to the highDhobtained. In SPIONs_APTES inwater, the decay time is significantly reduced, although two
decaysmay be identified. Thefirst one (with a shorter delay time) corresponds to particles with smaller sizes, and
the second one (with a longer decay time) to particle aggregates. No significant differences were observedwith
the presence of serum (FBS). DLSmeasurements were also performed inDMEMwith 10%and 0%FBS.
Typically, a correlation curve starts at 1 due to the similarity between the scattered patterns at the initial seconds
of themeasurement. TheDMEM10%FBS correlation curve starts at 0.6 (=1), resulting in smaller
hydrodynamic sizes after data analysis. This could be justified by a rapid sedimentation of serumproteins,
leaving a small quantity of dispersed proteins to scatter the light. The significant increase inDhmay be related to
the positive charge of APTES, leading to high adsorption of proteins with a negative charge present in the cell
culturemedium, as demonstrated in previous studies [41, 43].

SPIONs_APTES functionalizedwith RhoBwere also analyzed to evaluate the effect of RhoB on protein
corona formation. Inwater, the zeta potential value decreases to a negative one. Thismay be associatedwith the
presence of RhoB, leading to a negative surface charge [44]. However, the low value (−14± 2mV) is not within

Table 1.Comparison between ζ—potential values andHydrodynamic sizes of SPIONs in different dispersionmedia. Dh, hydrodynamic
size; PDI, polydispersity index.Data is expressed asmean± SD for at leastfivemeasurements.

Sample Dispersionmedium ζ–potential (mV) Dh (nm) PDI

SPIONs_APTES Water +30± 3 227± 3 0.35

DMEMwith 0%FBS +0.1± 1.6 24301± 1927 4.70

DMEMwith 10%FBS −1.6± 1.0 23250± 1880 5.52

PBS −3.6± 1.1 30979± 4709 24.7

SPIONs_RhoB Water −14± 2 16792± 2663 3.66

DMEMwith 0%FBS − 1.9± 1.1 20822± 2802 1.60

DMEMwith 10%FBS − 2.1± 1.0 19486± 256 1.18
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the range considered for stability, which is confirmed by the highDh and PDI, probably caused byNPs
aggregates.When SPIONs_RhoB are dispersed in a cell culturemedium, although theDh and PDI are slightly
smaller than non-functionalized SPIONs_APTES, they are still too large, thus confirming protein corona
formation. Therefore, the presence of RhoB at the surface ofNPs does not prevent the formation of the protein
corona.

3.3.WM983bmelanoma cell line response to SPIONs
Live/Dead assay confirmed the non-cytotoxic effect of SPIONs in theWM983b cell line after 24 h exposure,
with a high percentage of live cells and amaximumof 3%of dead cells (figure 2(A)). Any toxicity was discarded
for the concentration of 0.1 mgml−1 of SPIONs_APTES andRhoB functionalized SPIONs (figure 2(B)).

Prussian blue staining images of SPIONs interactionwithWM983bmelanoma cell line in single-cell
suspension, cellmonolayer (2Dmodel), and spheroid (3Dmodel) show SPIONs localization after 1 h, 6 h, and
24 h of exposure to a concentration of 0.1mgml−1 of SPIONs comparedwith untreated condition (figure 3).
The transmitted light images concerning all thementioned incubation periods are in Supplementary
Information, figure S3.

A qualitative analysis of the images indicates a rapid interaction of SPIONswith the cellmembrane, similar
to either in single-cell suspension or cellmonolayer. For the spheroidmodel, this occurs later on and is possibly
associatedwith the close interaction of cells, creating physical barriers and reducing the accessibility of
nanoparticle-binding sites on cell surfaces. For long periods of exposure, the higher predominance of blue in
Prussian blue images is evidence of an increase of SPIONs either strongly attached to the cellmembrane or
already internalized.

In cellmonolayer, a quantitativemeasurement of internalization over time byflow cytometry reveals that
themaximum internalization is reached after 6 h of SPIONs exposure (figure 4(A)). Confocalmicroscopy
images (figure 4(B)) give amore detailed representation of SPIONs internalization profile. As the incubation
period increases, the accumulation of SPIONs around the cell nucleus becomesmore pronounced after 6 h of
incubation, which, for longer periods, is less evident, consistent with the findings from flow cytometry.

3.4. SMI efficiency in inhibiting SPIONsuptake
Possible cytotoxicity of CPZ, genistein, latrunculin B, nocodazole, andMβCDat the selected concentrations was
discardedwith a resazurin cell viability assay (Supplementary Information, figure S4). Infigure 5(A), confocal
microscopy images reveal pronounced differences in SPIONs uptake for each SMI comparedwith untreated
cells. By observation,MβCDand nocodazole show a lower prevalence of SPIONs inside the cell cytoplasm.
Given themarked differences between conditions, image processing of the acquired imageswas used to profile
SPIONs distribution in the cell’s area considered (figure 5(B)). It is notorious that, for all conditions, there is a
higher accumulation of SPIONs around the cell nucleus, which reduces as the distance increases. Also, a pre-
treatmentwith any SMI leads to a lower predominance of SPIONs inside the cells, comparedwith untreated

Figure 2. Live/Dead cell viability assay of SPIONs_APTES and SPIONs_APTES (RhoB) towardsWM983bmelanoma cell line.
Percentage of live and dead cells after 24 h exposurewith (A) 0.06 to 1mgml−1 of SPIONs_APTES and (B) 0.1mgml−1 of
SPIONs_APTES (RhoB) comparedwith the same selected concentration of SPIONs_APTES. ****p-value< 0.0001 ***p-value< 0.001
relative to control of untreated cells. Data is expressed asmean percentage of live and dead cells (in bars)± SD (vertical error bars). At
least 15 images were taken at 10×magnification in random areas of 3 different wells per condition. Imageswere analyzed usingCell
Profiler software to count the number of cells per image discriminated bymorphology and fluorescence intensity parameters in the
green and red channels.
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control. From around 40 μmdistance from the cell end, a stabilization of thefluorescence intensity was verified,
translating into an even distribution of SPIONs over the cell cytoplasm. This distribution profile is not observed
for untreated conditions, with a high predominance of SPIONs over all the cell areas.

The area of SPIONs distribution profile corresponding to each conditionwas calculated and translated into
cellular uptake of SPIONs per cell. Figure 5(C) demonstrates an averagemaximum60%of cellular uptake in the
presence of SMI, indicating that allmay affect cell components involved in SPIONs transport. In the case of
MβCD, the red fluorescence intensity is the lowest for the considered cell area, significantly reducing SPIONs
uptake to only 14%. Thesefindings were validated usingflow cytometry analysis (figure 5(D)), which confirmed
significant inhibitory action ofMβCD in SPIONs internalization at the internalization peak of 6 h.However,
over a prolonged incubation period of 24 h, the influence ofMβCDappeared to be not significant. Based on the
MβCDmechanismof action, thismay be attributed to the cells’ ability to overcome the cholesterol depletion
effect within this timeframe.

3.5.Magnetic hyperthermia assays
Magnetic hyperthermia therapy promotes cancer cell death by apoptosis due to the higher sensitivity of cancer
cells to temperature oscillations around 42 °C [45]. SPIONs heating curves for 1mgml−1, 2mgml−1, and

Figure 3.Prussian blue staining showing SPIONs intracellular localization inWM983bmelanoma cells in single-cell suspension, cell
monolayer, and spheroids after 1 h, 3 h, and 24 h treatment with 100 μgml−1 of SPIONs.Untreated conditions for allmodels are also
shown for comparison. Bright field images with 20× objectivemagnificationwith scale bar: 100 μmand respective amplifications in
representative areas with scale bar: 50 μm.

Figure 4. Flow cytometry andConfocalmicroscopy of SPIONs uptake over time. (A) Flow cytometry analysis of SPIONs (RhoB)
internalization inWM983bmelanoma cell line after 1 h, 6 h, and 24 h incubation comparedwith control of untreated cells. (B)
Representative images of confocal fluorescencemicroscopy of SPIONs (RhoB). Images from red channel (SPIONs conjugatedwith
RhoB fluorophore) andmerge of red and green channel (cell nuclei and actin filaments staining with helix-green and
phalloidin-488 dyes), acquired with Zeiss LSM700microscope with 20× objective. Scale bar: 20 μm. *** p-value< 0.001,
** p-value< 0.01 relative to control of untreated cells.
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3.5mgml−1 concentrations (Supplementary Information, figure S5A) represent the temperature increase as a
function of the exposure time to the AMF. The results show that temperature values increase for higher
concentrations of SPIONs in solution. For this study, we selected 3.5mgml−1 SPIONs concentration, reaching
42 °Cafter 5 min under theAMF.

Before performing in vitro studies, the influence of cell culture conditions on the SPIONs heat dissipation
was evaluated (Supplementary Information, figures S5(B), S5(C)). No relevant differences in temperature
increase normalized to SPIONs concentrationwere observed betweenwater and supplemented cell culture
medium. These resultsmay be explained by the presence of APTES at the surface of iron oxide nanoparticles.
Typically, superparamagnetic iron oxide nanoparticles produce heat under an external AMFdue to Brownian
andNéel relaxationmechanisms. If one considers the uptake ofNPs by tumor cells in in vivo conditions, the
Néel relaxationmechanism ismore significant since itmay occur even if theNPs are entrappedwithin the tumor
[46]. As previously demonstrated [14], the surfactantmay also significantly reduce the Brownian relaxation
mechanism, thus leading to heat generationmainly by theNéel relaxationmechanism. Therefore, when protein
corona is formed, generating particles with highDh, the generated heat is similar since the Brownian relaxation
mechanismswere already suppressed by the surfactant, in this case, APTES [47].

The heating efficiency of themagneticmaterial was also calculated from themagnetic hyperthermia
measurements. This efficiency is given by SAR and calculated using the following equation:

( ) ( )/SAR W g
C m C m

m

dT

dt
1NP Fe l l

Fe max

=
+ ⎛

⎝
⎞
⎠

where (dT/dt)max is themaximum slope of the temperature curve ensuring adiabatic conditions, CNP is the
specific heat of SPIONs, Cl is the specific heat of the liquid,ml is thefluidmass, andmFe is the ironmass of the
sample. The SAR value for SPIONs inwater is 160± 19Wg−1, similar to 156± 9Wg−1 inDMEMwith 10%

Figure 5.Uptake studies of SPIONs inWM983bmelanoma cell line. (A)Confocalmicroscopy images of untreated and treated
conditions with 5mMMβCD, 25 μMgenistein, 5 μMCPZ, 10 μMnocodazole, and 10 μMlatrunculin B. Images fromgreen channel
(cell nuclei and actinfilaments stainingwith helix-green and phalloidin-488 dyes), red channel (SPIONs conjugatedwith RhoB
fluorophore) andmerge of both channels, acquiredwith Zeiss LSM700microscopewith 20× objective. Scale bar: 20 μm. (B)
Graphical representation of SPIONs distribution profile over the cell area. Considering 3-pixel width contours, from the nucleus to
the cell end, an average of red channel fluorescence intensity for each contourwas calculated for at least 20 individual cells per
condition and represented in RGB values (0–255). Pixel was converted into μmaccording to the image scale bar. (C)Cellular uptake of
SPIONs calculated from the area of SPIONs distribution profile for each individual cell. Data is expressed asmean percentage of at
least 20 individual cells per condition normalized to control (cells exposed to the nanoparticles but untreatedwith SMI). (D) Flow
cytometry analysis of SPIONs uptake inWM983bmelanoma cell line after 1 h, 6 h, and 24 h incubation, with andwithout pre-
treatment with 5mMMβCD, normalized to untreated control (0 h). ****p-value< 0.0001 ***p-value< 0.001, **p-value< 0.01
relative to control.
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FBS condition. These values arewithin the expected range formagnetic hyperthermia application [14],
demonstrating the potential of the developedmagnetic colloid.

For in vitromagnetic hyperthermia studies, the effect of SPIONs uptake inhibition byMβCD in temperature
increase was compared against intracellular and extracellular controls and the SPIONs suspensionwithout any
cells (figure 6). Temperature curves (figure 6(A)) show that the presence of cells in the suspension affects SPIONs
heat dissipation over exposure to the AMF.Comparing between uptake conditions, our results evidence that the
temperature increase is notably lowerwhen SPIONs are intracellularly (ΔT= 12.9± 1.3 °C) compared to
extracellular control (ΔT= 18.0± 0.2 °C), thus validating our initial premise. Inhibiting SPIONs uptakewith
MβCD significantly improved temperature increase toΔT= 15.5± 1.5 °C, confirming our hypothesis. For all
conditions, SAR values were determined (figure 6(B)), reflecting these findings showing lower SPIONs heating
capacity for intracellular control (63± 7Wg−1), which increases after cellular uptake blockade (91± 16Wg−1),
comparable with extracellular control (108± 19Wg−1).

4.Discussion

Magnetic hyperthermia has been explored over the years as an alternative cancer therapy. Using SPIONs
to generate heat at the tumor site, malignant cells die due to high susceptibility to temperature increases.
More recently, studies have revealed that SPION’s heating capacity is impairedwhen internalized by cancer
cells due to their lack ofmobility and, as a consequence, the lack of Brownian relaxation [46]. Our hypothesis
is based on using small molecule inhibitors (SMIs) of endocytosis to inhibit the uptake of SPIONs, thereby
potentially improvingmagnetic hyperthermia therapy efficiency, to be applied for advanced cutaneous
melanoma.

Ourwork involved synthesizing spherical stabilizedmagnetic nanoparticles with a diameter within the
superparamagnetic behavior range and a positive surface charge. Given that protein corona formation
influences the cellular uptake pathway of nanoparticles, we evaluated the stability of the produced SPIONs in the
presence and absence of serumproteins [41]. As demonstrated by previous studies, positively charged
nanoparticles increase protein adsorption to their surfaces via electrostatic interactions, given thatmost proteins
are negatively charged. This phenomenon alters ζ-potential frompositive to neutral in the cell culturemedium,
aligningwith our results [41, 42]. A neutral surface charge is associatedwith nanoparticles’ loss of stability in
aqueous solutions and the formation of aggregates. Our hydrodynamic diameter and polydispersity index
results confirm this observation, evidencing the formation of a protein corona around SPIONs surface.
AlthoughDhmay be an indication ofNP aggregation, itmay also just reflect the formation of protein corona
around theNP. Therefore, additional quantitative studies could confirm this hypothesis, togetherwith
morphological analysis. Particularly because large aggregates usually affect cell uptake, primarily through
endocytosis. Positively charged nanoparticles have a higher rate of cell internalization [29, 41, 48]. Our uptake
studies inWM983bmelanoma cell line suggest that the internalization processmay start with a rapid interaction
between themelanoma cellmembrane and SPIONs surface, followed by amechanismof uptakewith SPIONs
accumulation around the cell nucleuswithin 6 h incubation, as observed by others [49].

Figure 6. In vitromagnetic hyperthermia assay. (A)Temperature curve of SPIONs in response to anAMF applicationwith intensity of
300G at a frequency of 418.5 kHz, for 8 min, for all conditions. (B) SAR values reflecting SPIONs heating capacity, for all conditions.
Data is expressed asmean± SD for at least threemeasurements.##p-value< 0.01,#p-value< 0.05 relative to no cells condition;
**p-value< 0.01, *p-value< 0.05 relative to intracellularmagnetic hyperthermia condition.
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To enhancemagnetic hyperthermia efficiency as a therapeutic option for advancedmelanoma, we
performed a treatment with a selection of SMI of endocytosis and conducted in vitro uptake studies of
SPIONs. Our results indicate a decrease in internalization to amaximum60%, compared to untreated cells,
in the presence of the selected SMI, indicating that all may affect cell components involved in SPIONs
transport. Pre-treatment with 5mMofMβCDhad a higher inhibitory effect.MβCDmechanism of action
consists of cholesterol depletion from the cell membrane, which, considering our findings,may affect
SPIONs internalization inWM983bmelanoma cell line. As such, the uptake route could be associated
with the caveolin-mediated endocytic pathway, although some argue thatmultiple pathways are
affected [50, 51].

According to our in vitromagnetic hyperthermiameasurements, the internalization of SPIONs highly affects
their heat dissipation compared to the extracellular control. This has also been observed byHannon et al [23] for
pancreatic adenocarcinoma. The initial hypothesis was confirmed, as our results demonstrate that blocking
SPIONs uptakewithMβCD translates into a significant temperature increase of the solution, reflected in
SPIONs SAR value. Further investigation is needed regarding the effect on cell viability and towards an efficient
alternative to currentmelanoma therapeutic approaches.

5. Conclusions

Our study aimed to improvemagnetic hyperthermia treatment for advanced cutaneousmelanoma cells by
inhibiting the cellular uptake of SPIONs using SMI of endocytosis. Among the panel of inhibitors studied, our
results indicate thatMβCDeffectively impairs SPIONs’uptake in an advanced cutaneousmelanoma cell line.
This improves SPIONs’ heat dissipation capacity and increases temperature under in vitromagnetic
hyperthermia conditions. Ourfindings reveal that SMI can be used tomodulate nanoparticle internalization,
which opens newpossibilities for developing nanoparticle-based therapeutics. Additionally, it contributes to
improvingmagnetic hyperthermia therapy and, consequently, therapeutic outcomes for cancer patients. To our
knowledge, this is the first report on preventing the cellular uptake ofmagnetic nanoparticles to improve
melanomamagnetic hyperthermia cancer treatment efficiency.
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