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Abstract

Superparamagnetic iron oxide nanoparticles (SPIONs) are widely used in magnetic hyperthermia,
where their therapeutic efficacy depends on efficient heat generation. However, intracellular uptake of
SPIONSs 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 stabilized with 3-aminopropyl triethoxysilane (APTES) were
evaluated in an advanced cutaneous melanoma cell line treated with a small library of endocytosis
inhibitors. Among these, methyl- 3-cyclodextrin significantly reduced SPIONs’ uptake compared to
untreated cells. Importantly, uptake inhibition restored SPIONs” heat dissipation capacity from
specific absorption rates of 63 to 91 W g~ ' and improved the temperature increase by 2.6 °C, under
magnetic hyperthermia conditions. These findings demonstrate that targeting nanoparticle inter-
nalization with small-molecule inhibitors, particularly methyl- 3-cyclodextrin, enhances the efficiency
of magnetic hyperthermia in melanoma cells. This strategy offers a promising approach to optimize
magnetic hyperthermia for melanoma treatment.

1. Introduction

Despite advancements in medical science, cancer persists as a global public health challenge, evidenced by its
increasing prevalence and mortality rates [ 1]. Cutaneous melanoma, the most lethal type of skin cancer,
registered a worldwide total of 331 k new cases in 2022, which is expected to increase in 2040 by 50% [2, 3].
While associated with risk factors such as age, race, and gender, melanoma arises from several genetic mutations
in melanocytes, primarily triggered by overexposure to UV radiation [4, 5]. Nowadays, early-stage melanoma 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 to find 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 of many researchers as potential multifunctional systems comprising drug delivery
properties, image contrast, and magnetic hyperthermia agents [13—16]. At the nanometric scale, typically below
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20 nm for iron oxide, the nanoparticles exhibit superparamagnetic behaviour, which translates into the ability to
exhibit magnetic properties only when a magnetic field is applied, showing great promise in the biomedical field
[17].In an effort to overcome the limitations associated with the clinical applicability of local hyperthermia,
magnetic hyperthermia has emerged as a new non-invasive modality, achieving targeted heat production with
SPIONS [18]. With the application of an alternating magnetic field (AMF) that is highly penetrable into the
human body, SPIONs accumulated at a tumor site can dissipate heat. This aims to induce apoptosis in malignant
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 dynamic magnetic response of SPIONs inside cells can drastically change
[20-22]. Hannon et al (2020) in vitro study in a pancreatic cell line reported that SPIONs magnetic heating
efficiency reduces upon internalization, lowering the levels of cell death [23]. Although the mechanisms behind
this phenomenon are not fully defined, it is suggested that it may be due to particle immobilization, nanoparticle
clustering, or the influence of the medium viscosity. What appears to be consistent in the literature is that
hyperthermia appears to be therapeutically more effective when SPIONs are in the extracellular environment
[20,24,25].

Here, we explore a novel approach to enhancing magnetic hyperthermia for melanoma treatment by
impairing the cellular internalization of SPIONS. Since endocytosis is the predominant internalization pathway
for various nanoparticles, we utilized small molecule endocytosis inhibitors (SMIs) to reduce SPION uptake. As
aproof of concept, we selected five well-characterized SMIs that target distinct endocytic pathways:
chlorpromazine (CPZ), genistein, methyl- 3-cyclodextrin (M3CD), nocodazole, and latrunculin B [26-30].
With this approach, we aim to compare the heating capacity of SPIONSs in intracellular hyperthermia (when
internalized) against extracellular hyperthermia (when internalization is impaired) conditions. To our
knowledge, no report combines small molecule inhibitors of endocytosis to improve magnetic hyperthermia
therapy.

2. Materials and methods

2.1. Materials

The chemicals 3-aminopropyl) triethoxysilane (APTES), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride) (EDC.HCI), N-hydroxysuccinimide (NHS), rhodamine B (RhoB), and 2-(N-morpholino)
ethanesulfonic acid (MES) were all purchased from Merck. The selected SMI for the present work were CPZ
(Target Molecule), genistein (Target Molecule), latrunculin B (Focus Biomolecules), nocodazole (Cayman
Chemical) and MSCD (Cayman Chemical). For cytotoxicity studies, the following reagents were used: resazurin
sodium salt from Alfa Aesar; Calcein AM (green dye live cell indicator), and ethidium homodimer (red dye dead
cell indicator) from Biotium. For immunostaining studies, the following reagents were used: paraformaldehyde
(PFA) (Merck), triton-X-100 (Omnipur), bovine serum albumin (BSA) (Sigma-Aldrich) and Mowiol 4-88
mounting medium (Sigma-Aldrich), Helix NPTM 488 dye (Biolegend) and Actin-staining PhalloidinTM 488
dye (Cytoskeleton). For Prussian blue staining: Perl’s reagent was used containing 4% potassium
hexacyanoferrate (II) trihydrate, K,[Fe(CN)¢].3H,0 (w/v), and 4% HCI (v/v); counterstaining solution used
was Nuclear fast red 0.1% in 5% aluminum sulfate, all from Sigma-Aldrich.

2.2. Synthesis and stabilization of magnetic nanoparticles

SPIONs were synthesized by chemical co-precipitation technique following the procedure described in Soares
etal[31]. The resultant nanoparticle suspension was stabilized with APTES surfactant, following the
Mashhadizadeh et al[32] protocol. Briefly, bare SPIONs produced by co-precipitation were dispersed in a 10%
(v/v) solution of APTES prepared in a 1:2 mixture of ultrapure water and glycerol. The reaction was left to
proceed at 90 °C under mechanical stirring for 2 h. After cooling to room temperature, the suspension was
washed five times by magnetic separation, alternating between water and ethanol, and stored in water at 4 °C.
For further studies using fluorescence microscopy, the obtained APTES stabilized SPIONs were functionalized
with RhoB fluorophore via EDC/NHS coupling in a proportion of 2 mM RhoB to 1.5 mgml~' SPIONs
resuspended in MES buffer. The nanoparticles concentration in the colloidal solution was determined in iron
content using the 1,10-phenanthroline colorimetric method, considering [Fe] = 0.7 x [SPIONs] [33].

2.3. Characterization of magnetic nanoparticles

SPIONs were characterized in terms of chemical composition by Fourier transform infrared (FTIR), x-ray
diffraction (XRD), and morphology by Transmission Electron Microscopy (TEM), before and after APTES
stabilization. For XRD and FTIR analysis, all nanoparticles were freeze-dried for 48 h. XRD analysis was
performed in a X’Pert PRO MDP x-ray diffractometer (PANalytical), employing Cu-Ka radiation
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(k= 1.54060 A). The analysis spanned a range of 26 values between 15° and 80° with a step 0f 0.033°. FTIR
spectra were acquired using FTIR Nicolet 6700 (Thermo Electron Corporation) with attenuated total reflectance
with a 45° incident angle in the 4500 500 cm ™~ ' range. TEM images were obtained with a Hitachi H-8100 IT with
thermionic emission LaB6. The SPIONSs size distribution was determined using Image] software [34].

Prior to in-vitro studies, SPIONs stability in serum and protein corona formation was observed by Dynamic
Light Scattering (DLS) and (-potential analysis. SPIONs were dispersed in a cell culture medium with 0% and
10% FBS and water at pH 7 and left to incubate at 37 °C for 24 h. The hydrodynamic size (Dh) and surface charge
were measured for 0.05 mgml ™' of SPIONs at a scattering angle of 90 °C using a SZ-100 nanopartica series with
a532 nm laser containing a Peltier system at 25 °C. The Dh was calculated using the Stokes—Einstein equation.
Magnetic properties of SPIONs were measured through Vibrating Sample Magnetometer (VSM) technique
usinga 10 T VSM magnetometer (Cryogenic-Cryofree). The magnetization curve was obtained at 5 Kand 300 K,
with a variation of the applied field of =5 T up to 5 T.

2.4.In-vitro cell culture

WM983b cell line of metastatic cutaneous melanoma cancer was provided by Rockland Immunochemicals Inc.
(WM983B-01-0001). This cell line was cultivated in Dulbecco’s modified Eagle’s medium (DMEM) high glucose
(4.5g17 "), supplemented with 5% heat-inactivated fetal bovine serum (FBS) and 1% penicillin—streptomycin
antibiotic, all from Biowest. 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 an MCO-
19AIC(UV) CO, incubator with a humidified atmosphere of 5% CO, at 37 °C, with the medium changed every
other day.

For all in-vitro experiments, SPION's were diluted in WM983b culture medium containing 10 pg ml ™"
gentamicin antibiotic (Gibco). CPZ, genistein, latrunculin B, and nocodazole were dissolved in dimethyl
sulfoxide (DMSO) and diluted in a cell culture medium containing 1% DMSO in the final solution. MGCD was
dissolved in WM983b culture medium directly and syringe filtered for sterilization.

2.4.1. Cytotoxicity studies

The potential cytotoxic effects of SPIONs towards WM983D cell line was assessed by Live/Dead cell viability test,
using Live/Dead solution, containing 0.2 ul ml " Calcein AM and 0.8 pil ml~' Ethidium homodimer, prepared
in serum-free WM983b culture media with 25 mM of 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid
(HEPES). Briefly, WM983b cells were seeded in a 96-well plate at 150 kcell ml~ ' and incubated with a range of
SPIONSs concentrations from 0.06 mgml ™' to 1 mgml ' diluted in medium containing 10 pg ml~' gentamicin.
After 24 h of SPIONSs exposure, cells were incubated with Live /Dead solution for 30 min. Reaction was stop by
washing with medium containing serum. The percentage of live and dead cells was obtained through image
analysis, given by [Cell viability (%) = cell count/untreated control cell count x 100]. Outliers were removed
considering a 0.05 significance level. Atleast 10 images of each condition were taken by epifluorescence
microscopy using a Nikon Inverted microscope with 10 x magnification.

The toxicity of the SMIs was determined by resazurin-based cell viability assay. Similar to SPIONs viability
assay, WM983Db cells were seeded in a 96-well plate at 150 kcell ml ™" and incubated for 24 h with a range of
concentrations of CPZ, genistein, latrunculin B, nocodazole, and MBCD. After treatment, 20 pg ml ! resazurin
solution was added for 2 h. The change in absorbance between 570—600 nm wavelength was measured using
BioTek ELx800 UV absorbance microplate reader. The quantity of viable cells was determined by the measured
absorbance related to the absorbance of the respective control (cells untreated with SMI). Cell viability was
expressed as a percentage of the control, given by [Cell viability (%) (Abss;o—Absg) treated cells/(Abs570—
Abs600) untreated control x 100].

2.4.2. Cellular uptake studies: prussian blue staining
The dynamic interaction of SPIONs with WM983b cells was evaluated with Prussian blue staining in different
in vitro models: single-cell suspension, cell monolayer (2D model), and cell spheroid (3D model).

To obtain a single-cell suspension, 100 kcell ml~" of WM983b cells were seeded simultaneously with
SPIONS, in a 6-well plate and incubated under mild agitation. Cells were left to adhere in 12 mm coverslips for
24 h for imaging acquisitions. A cell monolayer was obtained with 300 kcell ml~" seeding density of WM983b
cells in 12 mm coverslips in 24-well plate. Cells were left to adhere in 12 mm coverslips for 24 h before treatment
with SPIONS. Spheroids were prepared by seeding 5 kcell well " in a 96-well plate previously coated with 50 il
well ™! of 1.5% agar solution prepared in PBS. After 7 days, SPTONs were added to fully grown spheroids. The
same 100 pg ml " of SPION's was used for all models with incubation periods of 15 min, 1 h,3 h, 6 hand 24 h.

To stain the iron content, cells were fixed with 4% PFA for 10 min, permeabilized with 0.2% Triton-X 100
for 30 min, and stained with Perl’s reagent and Nuclear fast red for 40 min. This procedure was done in
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coverslips for single-cell suspension and cell monolayer models; spheroids were previously embedded in
2mgml ™' collagen type-I rat tail matrix. At least 10 images of each condition were acquired with Nikon Ti-$
Inverted Microscope in phase contrast mode using a 20 x objective magnification. Antifade Mowiol mounting
medium was used for sample preservation, prepared as recommended [35].

2.4.3. Cellular uptake studies: fluorescence microscopy

As a complementary approach using a higher resolution imaging technique, Laser Scanning Confocal
microscopy was used. WM983b cell monolayer, obtained as described above, was exposed to 100 ug ml ™" of
RhoB functionalized SPIONS for 1 h. To reduce background and facilitate observation of SPIONs localization
within the cell, the excess of non-internalized SPIONs was removed by rinsing the cells with medium, following
additional 1 h, 3 h, 6 h, 16 h and 24 h incubation periods.

For imaging acquisition, cells were fixed in the coverslips with a 4% PFA solution for 10 min, and
permeabilized with 0.2% Triton-X 100 for 20 min. Nuclear and cytoskeleton stainings were performed with
Helix NP™ 488 (1:1000 from a stock of 5 mM) and Actin-staining Phalloidin™ 488 (100 nM), diluted in 0.2%
BSA solution, for 30 min. Antifade Mowiol mounting medium was used for sample preservation, prepared as
recommended [35]. Atleast 10 images of each condition were acquired with a Zeiss LSM 700 microscope, with
488 nm and 555 nm laser lines, in Z-stack mode, using a 20 x objective.

2.4.4. Evaluation of small-molecule inhibitors blocking capacity

The efficiency of the SMI in inhibiting SPIONSs internalization was assessed by Laser Scanning Confocal
microscopy. WM983b cells were seeded in 12 mm coverslips in 24 well-plate at 100 kcell ml~* for 24 h. 1 h pre-
treatment with each SMI (25 pM genistein, 5 pM CPZ, 10 uM latrunculin B, 5 mM MSCD and 10 pM
nocodazole) was followed. Then, 100 pg ml ™! of RhoB functionalized SPIONs were co-incubated with the SMI
for redosing for an additional 6 h. The same above mentioned protocol was executed for confocal microscopy
sample preparation.

A quantitative analysis of the images acquired with confocal microscopy was performed to obtain the
percentage of SPIONs cellular uptake. Image processing was performed considering individual cells, where each
cell area was delimited manually. To account for the SPIONs signal in the cytoplasm, a binary mask of the cell
nucleus was obtained by applying an Otsu’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
element with 3-pixel width, until all cell area was covered. For each 3-pixel width disc, from the cell nucleus to
the cell end, the mean fluorescence intensity of the RhoB functionalized SPIONs red channel was determined
and converted to an RGB scale from 0-255. From this analysis, the SPIONs distribution profile in the cell’s
cytoplasm was obtain from an average of intensity per disc for atleast 20 cells per condition. The cellular uptake
per cell corresponds to the area under the curve of the SPIONs distribution profile. The percentage of SPIONSs
cellular uptake was determined as an average of the cellular uptake per cell.

2.4.5. Flow cytometry

WM983Db cells were seeded at 50 kcell ml ™! in 24-well plate for 24 h. Then, the medium was removed, and cells
were rinsed twice with PBS and once with fresh medium. For uptake studies, cells were incubated for 1 h, 6 h,
and 24 h with 100 pg ml ! of RhoB functionalized SPIONs. Then, cells were collected and rinsed twice with PBS.
The fluorescence intensity of 10 kcell was analyzed with a BD LSRFortessa X-20 flow cytometer. The mean
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-treatment with 5 mM of MBCD before incubation with the SPION?s.

2.5.Magnetic hyperthermia assays

All magnetic hyperthermia assays were performed in DM 100 series from nB nanoScale Biomagnetics apparatus.
An AMF of 300 G with a frequency of 418.5 kHz was applied for 10 min in all studies unless stated otherwise.
Temperature was measured in a sealed glass dewar flask using an optic sensor. SPIONs temperature curves were
registered for 1 mgml~',2mgml ™', and 3.5 mgml ™' of SPIONSs 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 SPIONs was evaluated. For that, SPIONs were
dispersed in: water or PBS and incubated for 24 hat 4 °C or 37 °C with a humidified atmosphere of 5% CO,; or
in DMEM cell culture medium with or without FBS and incubated for 24 h at 37 °C with a humidified
atmosphere of 5% CO,. The specific absorption rate (SAR) value characterizes the magnetic colloid heating
capacity and was calculated according to [36], approximating the cell culture medium-specific heat to the water-
specific heat.
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Figure 1. Morphological, chemical, and structural characterization of bare SPIONs and APTES stabilized SPIONSs. (A) XRD
diffractograms of both bare and APTES stabilized SPIONs, identifying characteristic peaks and respective diffraction planes, were
analysed according to the crystallographic sheets of standard XRD pattern. (B) FTIR spectra of both bare and APTES stabilized
SPIONs, comparing the presence of specific absorbance bands representative of chemical bonds within the nanoparticles. (C) TEM
images of both bare and APTES stabilized SPIONs show the particles’ spherical morphology. Size distribution graphics were obtained
using Image J program, where bars represent the relative frequency of the diameters, and line represent a Gaussian curve fitting. Scale
bar: 100 nm. (D) Magnetization as a function of the applied magnetic field at 5 K and 300 K of SPIONs_APTES. Magnetization values
are presented in emu per gram of the whole particle (including magnetic and non-magnetic material).

Invitro magnetic hyperthermia assays were performed with the following conditions: SPIONs uptake
inhibition by MGCD, intracellular and extracellular controls. For SPIONs uptake inhibition, 3.5 kcells were pre-
treated with 5 mM MBCD for 1 h, following 6 h co-incubation period of 5 mM MSCD and 3.5 mg of SPIONSs.
The same treatment proportion of 3.5 mg of SPIONSs per 3.5 kcells was maintained for all conditions. For
intracellular control, SPIONs were incubated for 6 h to reach maximum uptake, whereas for extracellular
control SPIONs were added to the cell suspension only at the time of measurement. Magnetic hyperthermia
measurements were performed with 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 as mean =+ 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. SPIONSs characterization: XRD, FTIR, and TEM

The diffractograms in figure 1(A), acquired by the XRD technique, reveal a crystalline cubic structure mainly
constituted of magnetite for bare SPIONSs. This structure remains preserved after stabilization with the APTES
molecule. The analysis of the diffractograms was performed according to the crystallographic sheets of standard
XRD pattern where six characteristic peaks were identified at 20 equal to 30.3, 35.6,43.3, 53.6, 57.2 and 63.1,
corresponding to the diffraction planes (220),(311),(400),(422),(51 1) and (4 4 0), respectively [31]. Using
Scherrer’s equation, the average crystallite size calculated for both bare and APTES stabilized SPIONs was
around 9 nm, considering a maximum peak at 20 = 35.56 for bare SPIONs and 20 = 35.69 for

SPIONs_APTES [36].

The FTIR spectra of both bare and APTES stabilized SPIONs (figure 1(B)) allow the identification of the
sharp absorbance band at 560 cm " in all spectra, which is related to the stretching vibration mode of the Fe—O
bond originating from the SPIONs iron oxide core. The broadband between 3000 cm ™' and 3500 cm ™' is
related to the O—H stretching vibration mode due to hydration water, while the band at 1590 cm ™ in the bare
SPIONS spectrum is related to the O-H stretching vibration modes. The band that appears around 1630 cm ™ in
the FTIR spectra of APTES stabilized SPIONs corresponds to the amine bending mode from the APTES amine
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Table 1. Comparison between (—potential values and Hydrodynamic sizes of SPIONS in different dispersion media. Dh, hydrodynamic
size; PDI, polydispersity index. Data is expressed as mean =+ SD for at least five measurements.

Sample Dispersion medium (—potential (mV) Dh (nm) PDI
SPIONs_APTES Water +30+3 227+3 0.35
DMEM with 0% FBS +0.1+1.6 24301 £+ 1927 4.70
DMEM with 10% FBS —1.6£1.0 23250 £ 1880 5.52
PBS —3.6t1.1 30979 £4709 24.7
SPIONs_RhoB Water —14+2 16792 £ 2663 3.66
DMEM with 0% FBS —19+1.1 20822 £ 2802 1.60
DMEM with 10% FBS —21+1.0 19486 4256 1.18

functional group, whereas the absorbance band around 1100 cm ™" is due to the stretching vibration of Si-O
[37], confirming of the presence of APTES at SPIONS surface. The functionalization of SPIONs with RhoB
fluorophore was also verified by FTIR (Supplementary Information, figure S1A). The absorbance band around
1650 cm ™!, attributed to the double bond C=0 stretching vibration mode, confirms the formation of an amide
functional group, resulting from EDC/NHS coupling between the RhoB carboxylic acid bond and the APTES
amine group. The spectrum profile between 1700 cm ™' and 500 cm ™' and the double bonds C=C stretching
vibration mode corresponding to the absorbance band at 1500 cm ™" are characteristic of aromatic compounds
that compose the RhoB molecule. The stretching vibration mode of the Fe—O bond (sharp band at 560 cm ™)
from the iron oxide core as well as the stretching vibration of Si—O (around 1100 cm ") from the APTES
molecule, are also present.

Figure 1(C) shows TEM images of bare and APTES stabilized SPIONSs that reveal an average size of 9 &2 nm,
with a narrow size distribution, within the range with a superparamagnetic behavior (<15 nm) [38]. In general,
the presence of APTES at SPIONSs surface did not influence the iron oxide core size, maintaining the particle
diameter between 8—10 nm, in concordance with the average crystallite size obtained from the XRD analysis.
TEM analysis after RhoB functionalization was also performed to verify possible influences on SPIONs
morphology and size distribution (Supplementary Information, figure S1B). It is observable that the
morphology and mean diameter, equal to 9 £ 2 nm, are maintained within the superparamagnetic behavior
range.

Magnetic measurements were performed to evaluate the effect of APTES coating on the magnetic properties
of SPIONS. Figure 1(D) shows the hysteresis curves at 5 K and 300 K. At 300 K, the sample is superparamagnetic,
as demonstrated by the absence of coercivity and remanence (inset of figure 1(D)). The saturation magnetization
at 300 Kis 52 emu.g "', which is reduced compared to base SPIONSs. This reduction is caused by the coating
material, as previously demonstrated [31, 36, 39].

3.2. Protein corona formation
When nanoparticles are in contact with the physiological environment, large amounts of protein may adsorb at
its surface, forming a protein corona [40—42]. Table 1 shows the zeta potential, Dh, and polydispersity index
(PDI) of SPIONSs coated with APTES without and functionalized with RhoB. The zeta potential values show that
SPIONs_APTES in water exhibit a positive surface charge with values associated with NPs stability. When the
NPs are resuspended in PBS or cell culture medium, the value decays to a zeta potential close to neutral. As the
difference in charge may affect the particles’ stability, an evident increase of Dh and polydispersity index (table 1)
associated with 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 high Dh obtained. In SPIONs_APTES in water, the decay time is significantly reduced, although two
decays may be identified. The first one (with a shorter delay time) corresponds to particles with smaller sizes, and
the second one (with alonger decay time) to particle aggregates. No significant differences were observed with
the presence of serum (FBS). DLS measurements were also performed in DMEM with 10% and 0% FBS.
Typically, a correlation curve starts at 1 due to the similarity between the scattered patterns at the initial seconds
of the measurement. The DMEM 10% 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 serum proteins,
leaving a small quantity of dispersed proteins to scatter the light. The significant increase in Dh may be related to
the positive charge of APTES, leading to high adsorption of proteins with a negative charge present in the cell
culture medium, as demonstrated in previous studies [41, 43].

SPIONs_APTES functionalized with RhoB were also analyzed to evaluate the effect of RhoB on protein
corona formation. In water, the zeta potential value decreases to a negative one. This may be associated with the
presence of RhoB, leading to a negative surface charge [44]. However, the low value (—14 4= 2 mV) is not within
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Figure 2. Live/Dead cell viability assay of SPIONs_APTES and SPIONs_APTES (RhoB) towards WM983b melanoma cell line.
Percentage of live and dead cells after 24 h exposure with (A) 0.06 to 1 mgml ™' of SPIONs_APTES and (B) 0.1 mgml ' of
SPIONs_APTES (RhoB) compared with the same selected concentration of SPIONs_APTES. **** p-value < 0.0001 *** p-value < 0.001
relative to control of untreated cells. Data is expressed as mean percentage of live and dead cells (in bars) £ SD (vertical error bars). At
least 15 images were taken at 10 x magnification in random areas of 3 different wells per condition. Images were analyzed using Cell
Profiler software to count the number of cells per image discriminated by morphology and fluorescence intensity parameters in the
green and red channels.

the range considered for stability, which is confirmed by the high Dh and PDI, probably caused by NPs
aggregates. When SPIONs_RhoB are dispersed in a cell culture medium, although the Dh 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 of NPs does not prevent the formation of the protein
corona.

3.3. WM983b melanoma cell line response to SPIONs

Live/Dead assay confirmed the non-cytotoxic effect of SPIONs in the WM983D cell line after 24 h exposure,
with a high percentage of live cells and a maximum of 3% of dead cells (figure 2(A)). Any toxicity was discarded
for the concentration of 0.1 mg ml ™! of SPIONs_APTES and RhoB functionalized SPIONs (figure 2(B)).

Prussian blue staining images of SPIONs interaction with WM983b melanoma cell line in single-cell
suspension, cell monolayer (2D model), and spheroid (3D model) show SPIONs localization after 1 h, 6 h, and
24 h of exposure to a concentration of 0.1 mg ml~' of SPIONs compared with untreated condition (figure 3).
The transmitted light images concerning all the mentioned incubation periods are in Supplementary
Information, figure S3.

A qualitative analysis of the images indicates a rapid interaction of SPIONs with the cell membrane, similar
to either in single-cell suspension or cell monolayer. For the spheroid model, this occurs later on and is possibly
associated with 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 SPIONSs either strongly attached to the cell membrane or
already internalized.

In cell monolayer, a quantitative measurement of internalization over time by flow cytometry reveals that
the maximum internalization is reached after 6 h of SPIONs exposure (figure 4(A)). Confocal microscopy
images (figure 4(B)) give a more detailed representation of SPIONSs internalization profile. As the incubation
period increases, the accumulation of SPIONs around the cell nucleus becomes more 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 SPIONs uptake

Possible cytotoxicity of CPZ, genistein, latrunculin B, nocodazole, and M3CD at the selected concentrations was
discarded with a resazurin cell viability assay (Supplementary Information, figure S4). In figure 5(A), confocal
microscopy images reveal pronounced differences in SPIONs uptake for each SMI compared with untreated
cells. By observation, MBCD and nocodazole show alower prevalence of SPIONs inside the cell cytoplasm.
Given the marked differences between conditions, image processing of the acquired images was used to profile
SPIONSs distribution in the cell’s area considered (figure 5(B)). It is notorious that, for all conditions, thereisa
higher accumulation of SPIONs around the cell nucleus, which reduces as the distance increases. Also, a pre-
treatment with any SMI leads to alower predominance of SPIONs inside the cells, compared with untreated
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Figure 3. Prussian blue staining showing SPIONSs intracellular localization in WM983b melanoma cells in single-cell suspension, cell
monolayer, and spheroids after 1 h, 3h, and 24 h treatment with 100 pg ml ™" of SPION’s. Untreated conditions for all models are also
shown for comparison. Bright field images with 20 x objective magnification with scale bar: 100 um and respective amplifications in
representative areas with scale bar: 50 pm.
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Figure 4. Flow cytometry and Confocal microscopy of SPIONs uptake over time. (A) Flow cytometry analysis of SPIONs (RhoB)
internalization in WM983b melanoma cell line after 1 h, 6 h, and 24 h incubation compared with control of untreated cells. (B)
Representative images of confocal fluorescence microscopy of SPIONs (RhoB). Images from red channel (SPIONs conjugated with
RhoB fluorophore) and merge of red and green channel (cell nuclei and actin filaments staining with helix-green and
phalloidin-488 dyes), acquired with Zeiss LSM700 microscope with 20 X objective. Scale bar: 20 pm. *** p-value < 0.001,

** p-value < 0.01 relative to control of untreated cells.

control. From around 40 pm distance from the cell end, a stabilization of the fluorescence 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 SPIONSs distribution profile corresponding to each condition was calculated and translated into
cellular uptake of SPIONS per cell. Figure 5(C) demonstrates an average maximum 60% of cellular uptake in the
presence of SMJ, indicating that all may affect cell components involved in SPIONs transport. In the case of
M/CD, the red fluorescence intensity is the lowest for the considered cell area, significantly reducing SPIONs
uptake to only 14%. These findings were validated using flow cytometry analysis (figure 5(D)), which confirmed
significant inhibitory action of MSCD in SPIONs internalization at the internalization peak of 6 h. However,
over a prolonged incubation period of 24 h, the influence of MBCD appeared to be not significant. Based on the
MGCD mechanism of action, this may 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 | mgml ™', 2 mgml ', and
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Figure 5. Uptake studies of SPIONs in WM983b melanoma cell line. (A) Confocal microscopy images of untreated and treated
conditions with 5 mM MGCD, 25 uM genistein, 5 pM CPZ, 10 pM nocodazole, and 10 uM latrunculin B. Images from green channel
(cell nuclei and actin filaments staining with helix-green and phalloidin-488 dyes), red channel (SPIONs conjugated with RhoB
fluorophore) and merge of both channels, acquired with Zeiss LSM 700 microscope with 20 x objective. Scale bar: 20 um. (B)
Graphical representation of SPIONSs 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 contour was calculated for at least 20 individual cells per
condition and represented in RGB values (0-255). Pixel was converted into pm according 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 as mean percentage of at
least 20 individual cells per condition normalized to control (cells exposed to the nanoparticles but untreated with SMI). (D) Flow
cytometry analysis of SPIONs uptake in WM983b melanoma cell line after 1 h, 6 h, and 24 h incubation, with and without pre-
treatment with 5 mM M3CD, normalized to untreated control (0 h). ”**p-value < 0.0001 ***p-value < 0.001, *“p-value < 0.01
relative to control.

3.5mgml ' 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 3.5 mg ml~' SPIONs concentration, reaching
42 °Cafter 5 min under the AMF.

Before performing in vitro studies, the influence of cell culture conditions on the SPION heat dissipation
was evaluated (Supplementary Information, figures S5(B), S5(C)). No relevant differences in temperature
increase normalized to SPIONs concentration were observed between water and supplemented cell culture
medium. These results may be explained by the presence of APTES at the surface of iron oxide nanoparticles.
Typically, superparamagnetic iron oxide nanoparticles produce heat under an external AMF due to Brownian
and Néel relaxation mechanisms. If one considers the uptake of NPs by tumor cells in i1 vivo conditions, the
Néel relaxation mechanism is more significant since it may occur even if the NPs are entrapped within the tumor
[46]. As previously demonstrated [14], the surfactant may also significantly reduce the Brownian relaxation
mechanism, thus leading to heat generation mainly by the Néel relaxation mechanism. Therefore, when protein
corona is formed, generating particles with high Dh, the generated heat is similar since the Brownian relaxation
mechanisms were already suppressed by the surfactant, in this case, APTES [47].

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

SAR(W/g) = ; ey

MEe

Cnptige + Cimy (dT)

where (dT/dt) ., is the maximum slope of the temperature curve ensuring adiabatic conditions, Cyp is the
specific heat of SPIONSs, C; is the specific heat of the liquid, my is the fluid mass, and mg, is the iron mass of the
sample. The SAR value for SPION's in water is 160 &= 19 W g, similar to 156 +- 9 W g~ ' in DMEM with 10%
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Figure 6. In vitro magnetic hyperthermia assay. (A) Temperature curve of SPIONs in response to an AMF application with intensity of
300 G ata frequency of 418.5 kHz, for 8 min, for all conditions. (B) SAR values reflecting SPION heating capacity, for all conditions.
Data is expressed as mean = SD for at least three measurements. ##p-value < 0.01, #p-value < 0.05 relative to no cells condition;
“p-value < 0.01, “p-value < 0.05 relative to intracellular magnetic hyperthermia condition.

FBS condition. These values are within the expected range for magnetic hyperthermia application [14],
demonstrating the potential of the developed magnetic colloid.

For in vitro magnetic hyperthermia studies, the effect of SPIONs uptake inhibition by MBCD in temperature
increase was compared against intracellular and extracellular controls and the SPIONSs suspension without 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 lower when SPIONGs are intracellularly (AT = 12.9 + 1.3 °C) compared to
extracellular control (AT = 18.0 & 0.2 °C), thus validating our initial premise. Inhibiting SPION's uptake with
MQCD significantly improved temperature increase to AT = 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 4 7 W g~ "), which increases after cellular uptake blockade (91 + 16 Wg™ "),
comparable with extracellular control (108 19 W g™ ).

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 impaired when internalized by cancer
cells due to their lack of mobility 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 improving magnetic hyperthermia therapy efficiency, to be applied for advanced cutaneous
melanoma.

Our work involved synthesizing spherical stabilized magnetic 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 serum proteins [41]. As demonstrated by previous studies, positively charged
nanoparticles increase protein adsorption to their surfaces via electrostatic interactions, given that most proteins
are negatively charged. This phenomenon alters (-potential from positive to neutral in the cell culture medium,
aligning with our results [41, 42]. A neutral surface charge is associated with 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 SPIONSs surface.
Although Dh may be an indication of NP aggregation, it may also just reflect the formation of protein corona
around the NP. Therefore, additional quantitative studies could confirm this hypothesis, together with
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 in WM983b melanoma cell line suggest that the internalization process may start with a rapid interaction
between the melanoma cell membrane and SPIONSs surface, followed by a mechanism of uptake with SPION's
accumulation around the cell nucleus within 6 h incubation, as observed by others [49].
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To enhance magnetic hyperthermia efficiency as a therapeutic option for advanced melanoma, we
performed a treatment with a selection of SMI of endocytosis and conducted in vitro uptake studies of
SPIONSs. Our results indicate a decrease in internalization to a maximum 60%, 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 5 mM of MOCD had a higher inhibitory effect. MBCD mechanism of action
consists of cholesterol depletion from the cell membrane, which, considering our findings, may affect
SPION s internalization in WM983b melanoma cell line. As such, the uptake route could be associated
with the caveolin-mediated endocytic pathway, although some argue that multiple pathways are
affected [50, 51].

According to our in vitro magnetic hyperthermia measurements, the internalization of SPIONSs highly affects
their heat dissipation compared to the extracellular control. This has also been observed by Hannon et al [23] for
pancreatic adenocarcinoma. The initial hypothesis was confirmed, as our results demonstrate that blocking
SPIONss uptake with MBCD 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 current melanoma therapeutic approaches.

5. Conclusions

Our study aimed to improve magnetic hyperthermia treatment for advanced cutaneous melanoma cells by
inhibiting the cellular uptake of SPIONs using SMI of endocytosis. Among the panel of inhibitors studied, our
results indicate that MBCD effectively impairs SPIONs’ uptake in an advanced cutaneous melanoma cell line.
This improves SPIONs’ heat dissipation capacity and increases temperature under in vitro magnetic
hyperthermia conditions. Our findings reveal that SMI can be used to modulate nanoparticle internalization,
which opens new possibilities for developing nanoparticle-based therapeutics. Additionally, it contributes to
improving magnetic hyperthermia therapy and, consequently, therapeutic outcomes for cancer patients. To our
knowledge, this is the first report on preventing the cellular uptake of magnetic nanoparticles to improve
melanoma magnetic hyperthermia cancer treatment efficiency.
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